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ABSTRACT 
ADVANCED METHODOLOGIES FOR DESIGN OF STORM SEWER SYSTEMS 
This r e p o r t  desc r ibes  t h e  development of a s e r i e s  of computer models capable 
of determining the  diameter ,  s l o p e  and crown e l eva t ions  of each sewer i n  
a s torm drainage system i n  which t h e  layout  and manhole l oca t ions  a r e  pre- 
determined. The c r i t e r i o n  f o r  design dec i s ions  is  the  genera t ion  of a 
l ea s t - cos t  system. The b a s i s  f o r  a l l  of t h e  models i s  t h e  a p p l i c a t i o n  of 
d i s c r e t e  d i f f e r e n t i a l  dynamic p rog raming  (DDDP) a s  the  op t imiza t ion  too l .  
Two important  concepts a r e  introduced a s  opt imal  model components: hydrograph 
rou t ing  and r i s k s  and u n c e r t a i n t i e s  i n  designs.  Three rou t ing  pro- 
cedures a r e  adopted, each wi th  i t s  own advantages. Expected f lood  damage 
c o s t s  a r e  evaluated through t h e  a n a l y s i s  of numerous r i s k s  and u n c e r t a i n t i e s  
a s soc i a t ed  wi th  the  design. This  a n a l y s i s  permits  t h e  e s t ima t ion  of t h e  
p r o b a b i l i t y  of exceeding t h e  capac i ty  and t h e  corresponding expected assessed 
damage of any sewer i n  t he  system. The expected damage cos t  i s  added t o  t h e  
i n s t a l l a t i o n  cos t  t o  ob ta in  the t o t a l  cos t  which i s  then  minimized i n  t h e  
DDDP procedure. Two example sewer systems a r e  used a s  a b a s i s  f o r  i l l u s t r a t -  
i ng  d i f f e r e n t  a spec t s  of t h e  var ious  l e a s t - c o s t  des ign  models and developing . 
u s e r  gu ide l ines .  
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FOREWORD 
There has  been a  long h i s t o r y  of r e sea rch  on urban dra inage  prob- 
lems i n  t he  Department of C i v i l  Engineer ing of t h e  Univers i ty  of I l l i n o i s  
a t  Urbana-Champaign. I n  1887 P ro fe s so r  Arthur  N.  Ta lbot  proposed h i s  
renowned waterway a r e a  formula which was widely used u n t i l  t h e  1950's.  
More r e c e n t l y  P ro fe s so r  Ven Te Chow made va r ious  s i g n i f i c a n t  con t r ibu t ions  
regard ing  r a i n f a l l  frequency a n a l y s i s  and r a in fa l l - runo f f  r e l a t i o n s h i p s  
u s e f u l  i n  s o l v i n g  urban water  problems. 
The r e sea rch  s tudy  descr ibed  i n  t h i s  r e p o r t  is  p a r t  of an on- 
going r e sea rch  program s p e c i f i c a l l y  aimed a t  t he  development of improved 
methods f o r  design of urban s torm dra inage  systems. I n  1969 OWRR sponsored.  
a  p r o j e c t  e n t i t l e d  "Methodologies f o r  Flow P r e d i c t i o n  i n  Urban Storm 
Drainage Systems," P r o j e c t  No. B-043-ILL. Under t h a t  p r o j e c t  an improved 
h y d r a u l i c  des ign  model f o r  s torm sewers, t he  I l l i n o i s  Storm Sewer System 
Simulat ion Model, was developed and the  philosophy on design of urban 
dra inage  f a c i l i t i e s  was re-examined. 
The p re sen t  research  p r o j e c t ,  e n t i t l e d  "Advanced Methodologies f o r  
Design of Storm Sewer Systems," OWRT P r o j e c t  C-4123 began on October 1, 
1972. The major o b j e c t i v e  was t o  u t i l i z e  t h r e e  d i f f e r e n t  concepts ,  namely, 
hyd rau l i c s ,  r i s k  a n a l y s i s ,  and op t imiza t ion ,  t o  develop new sewer des ign  
methods and t o  demonstrate the  sav ings  t h a t  can be  achieved through 
cos t - e f f ec t i ve  des ign  methods over  t h e  t r a d i t i o n a l  des ign  methods. 
The r e sea rch  products  of t h i s  p r o j e c t  a r e  t he  r e s u l t  of a  team 
e f f o r t .  The au thors  wish t o  thank those ,  bo th  w i t h i n  and o u t s i d e  of t h e  
Un ive r s i t y ,  who con t r ibu t ed  t o  t h e  s tudy  e i t h e r  through t h e i r  p a r t i c i p a t i o n  
o r  i n  f u r n i s h i n g  r e f r e s h i n g  i d e a s .  Those who w e r e  supported under t h e  
p r o j e c t  a r e  l i s t e d  i n  Appendix G. The au tho r s  a r e  g r a t e f u l  t o  P ro fe s so r  
Jon C. Liebman of t h e  Department of C i v i l  Engineering f o r  h i s  va luab le  
iii 
adv i ce  concerning ope ra t i ons  r e s ea r ch .  Apprec ia t ion  is a l s o  expressed  f o r  
t he  coope ra t i on  and encouragement of D r .  Glenn E .  S t o u t ,  D i r e c t o r ,  and t h e  
s t a f f  of t h e  Water Resources Cente r  of t h e  U n i v e r s i t y  of  I l l i n o i s .  S p e c i a l  
thanks a r e  a l s o  due M r s .  Norma J .  Bar ton and Miss Hazel Dillman f o r  t h e i r  
p a t i e n t ,  p a i n s t a k i n g  t yp ing  e f f o r t s  throughout  t h e  p r o j e c t  . 
A cont inuous phase of t h i s  r e s e a r c h  program is c u r r e n t l y  i n  pro- 
g r e s s  through OWRT P r o j e c t  B-098-ILL, " ~ i s k  Based Methodology f o r  Cost- 
E f f e c t i v e  Design of  Storm Sewer System - Phase 11." This  s t u d y  i s  devoted 
t o  supplement ing and improving t h e  work p r e sen t ed  i n  t h i s  r e p o r t .  I n  view 
of t h e  l a r g e  amount of money devoted each y e a r  t o  sewer de s igns ,  cos t -  
e f f e c t i v e  de s ign  models such a s  t h o s e  developed i n  t h i s  r e s e a r c h  can p rov ide  
s u b s t a n t i a l  s av ings  i n  p u b l i c  expend i t u r e s .  However, i n  o r d e r  t o  ach ieve  
the  s t a n d a r d s  s e t  i n  t h e  Fede ra l  Water P o l l u t i o n  Con t ro l  Act Amendments of 
1972, P.L. 92-500, much more r e sea r ch  is needed t o  f o rmu la t e  and implement 
new methods u s ing  c u r r e n t l y  a v a i l a b l e  t e chno log i c  knowledge and t o  develop 
new t echno log i e s  a s  w e l l .  
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NOTATION 
A = a r e a  
A = f u l l  p i p e  f low a r e a  f  
B = w a t e r  s u r f a c e  wid th  
C = c o s t ;  a l s o ,  runoff  c o e f f i c i e n t ;  a l s o ,  c o e f f i c i e n t  
CD = expected damage c o s t  
, 
C = i n s t a l l a t i o n  c o s t  I 
C = manhole c o s t  
m 
C = p i p e  c o s t  
P  
c = c e l e r i t y  
D = d e c i s i o n ,  i . e . ,  drop i n  e l e v a t i o n  i n  op t im iza t i on  procedure  
d  = p ipe  d iamete r  
E  = e l e v a t i o n  
E  = a c c e p t a b l e  e r r o r  (Eq. 4 . 4 )  
r 
F = f u n c t i o n ;  a l s o ,  cumulat ive  c o s t  f u n c t i o n  
f  = Weisbach r e s i s t a n c e  c o e f f i c i e n t  I 
G = f u n c t i o n  
g  = g r a v i t a t i o n a l  a c c e l e r a t i o n  
R = sewer i n v e r t  dep th  below ground s u r f a c e  
h  = dep th  of f low; a l s o ,  h e i g h t  of manhole below ground s u r f a c e  
I = i n f l ow  
i = r a i n f a l l  i n t e n s i t y ;  a l s o  an index 
i = r e f e r r e n c e  r a i n f a l l  i n t e n s i t y  
0 
j = a n i n d e x  
I< = c o n s t a n t ;  a l s o ,  s t o r a g e  cons t an t  i n  Eqs. 6-10 and 6 .11  
k = s u r f a c e  roughness;  a l s o ,  an exponent (Eq. 5.21) ; a l s o ,  an index 
L = l e n g t h  of sewer 
x i i  
M = number of manholes on i s o n o d a l  l i n e  n  
n  
m = an exponent (Eq .  5 .21)  
m = manhole on i s o n o d a l  l i n e  n  
n  
N = number of s t a g e s  i n  PDDP procedures ;  a l s o ,  number 
n  = Manning's  roughness f a c t o r ;  a l s o ,  s t a g e  
P = p r o b a b i l i t y  
Q = d i s c h a r g e  
Q C  = sewer c a p a c i t y  
Qf = f u l l  p i p e  f low r a t e  
QL = a  r e f e r e n c e  d i s c h a r g e  
Qo = d e s i g n  d i s c h a r g e  
Q = peak d i s c h a r g e  
P  
R = h y d r a u l i c  r a d i u s  
r = r e t u r n  f o r  s t a g e  n  
n  
r = c o e f f i c i e n t  of c o r r e l a t i o n  i j 
S = s l o p e ;  a l s o ,  s t a t e  
Sf = f r i c t i o n  s l o p e  
S = i t h  s t a t e  i 
S = i n p u t  s t a t e  
n  
- 
S = o u t p u t  s t a t e  
n 
S = sewer s l o p e  
0 
SF = s a f e t y  f a c t o r  
s = s t o r a g e  
T = d e s i g n  p e r i o d ;  a l s o ,  r e t u r n  p e r i o d ;  a l s o ,  i n f l o w  hydrograph b a s e  l i n e  
T = connec t ion  v e c t o r  between manholes m and m 
m n  n + l  
n  yrnn+l 
t = t i m e  
t = d u r a t i o n  of r a i n f a l l  d  
x i i i  
t = sewer flow t r a v e l  time f  
V = flow ve loc i ty  
Wt = time weight f a c t o r  i n  Eq. 3.10 
W = space weight f a c t o r  i n  Eq. 3.10 
X 
X = inf low weight f a c t o r  i n  E q .  6.10 
x  = d i s t ance  along t h e  sewer; a l s o ,  a  v a r i a b l e  
. . 
z = e leva t ion  of i n v e r t  
a = a  f a c t o r  o r  a  c o e f f i c i e n t  
A = increment 
As = s t a t e  increment 
6 = c o e f f i c i e n t  of v a r i a t i o n  
9 = angle between sewer ax i s  and a horzonta l  plane 
A = cor rec t ion  f a c t o r  
v = kinematic v i s c o s i t y  
-c = time 
@ = c e n t r a l  angle of water  su r face  i n  sewer (Fig. 3.1) 
= cumulative s tandard normal p robab i l i ty  d i s t r i b u t i o n  
= c o e f f i c i e n t  of v a r i a t i o n  
x i v  

Chapter  1. INTRODUCTION 
One of t h e  v i t a l  f a c i l i t i e s  i n  p r e s e r v i n g  and improving t h e  urban 
environment i s  an adequa te  and p r o p e r l y  f u n c t i o n i n g  s to rmwate r  d r a i n a g e  
system.  E s t i m a t e s  from v a r i o u s  s o u r c e s  a l l  i n d i c a t e  t h a t  t h e  t o t a l  c o s t  
i n  t h e  Na t ion  f o r  c o n s t r u c t i o n  of new s t o r m  sewers  and of maintenance and 
o p e r a t i o n  o f  e x i s t i n g  s t o r m  and combined sewer systems w e l l  exceeds  one 
b i l l i o n  d o l l a r s  annua l ly .  Atop of t h i s  e x p e n d i t u r e  a r e  t h e  t a n g i b l e  and 
i n t a n g i b l e  l o S s e s  due t o  i n a d e q u a t e  o r  improper  d r a i n a g e  of s t o r m  wate r .  
D e s p i t e  t h e  l a r g e  amount o f  money i n v o l v e d  i n  urban s t o r m  w a t e r  d r a i n a g e ,  
and c o n t r a r y  t o  t h e  g e n e r a l  b e l i e f  of t h e  p u b l i c ,  t h e  p r e s e n t l y  a v a i l a b l e  
t e c h n o l o g i c a l  t o o l s  a r e  n o t  b e i n g  a p p l i e d  t o  t h i s  problem e x c e p t  i n  
i s o l a t e d  i n s t a n c e s .  I n  f a c t ,  t h e  m a j o r i t y  of d e s i g n  e n g i n e e r s  working on 
s t o r m  w a t e r  d r a i n a g e  problems have n o t  gone beyond t h e  s t a g e  o f  u s i n g  t h e  
wide ly  c r i t i c i z e d  r a t i o n a l  method and t h e r e  i s  v e r y  l i t t l e  p o s t  e v a l u a t i o n  
done once t h e  sys tem i s  i n  t h e  ground. 
From an e n g i n e e r i n g  v iewpoin t  t h e  d r a i n a g e  problem can b e  d i v i d e d  
i n t o  two a s p e c t s :  runof f  p r e d i c t i o n  and sys tem d e s i g n .  Cons iderab le  
e f f o r t  h a s  been devoted i n  r e c e n t  y e a r s  t o  runof f  p r e d i c t i o n  i n  urban a r e a s ,  
encouraged i n  p a r t  by t h e  enactment of t h e  F e d e r a l  Water P o l l u t i o n  C o n t r o l  Act 
Amendments o f  1972,  P.L. 92-500. R a i n f a l l - r u n o f f  model b u i l d i n g  h a s  become 
a p o p u l a r  a c t i v i t y  and a  v a r i e t y  o f  such  t o o l s  a r e  now a v a i l a b l e ,  and t h e  
s t a t e - o f - t h e - a r t  of t h i s  a s p e c t  of urban d r a i n a g e  h a s  been r e p o r t e d  by 
Chow and Yen (1976),  James F. MacLaren, L t d .  (19 75) Y Heeps and Mein (1974) , 
B r a n d s t e t t e r  (1974) and McPherson (1975). However, d e s p i t e  t h e  e x i s t e n c e  
of such  t e c h n i q u e s  t h e y  are n o t  b e i n g  e x t e n s i v e l y  used.  P a r t  of t h e  
problem l ies  i n  t h e  need f o r  u rban  runof f  q u a l i t y - q u a n t i t y  d a t a  f o r  u s e  i n -  
model c a l i b r a t i o n .  Another d i f f i c u l t y  l i e s  i n  t h e  confus ion  which e x i s t s  
concerning which model i s  economical ly  and /or  t e c h n i c a l l y  a p p r o p r i a t e  f o r  
a s p e c i f i c  s i t u a t i o n .  
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The second a spec t  of  t h e  d r a inage  problem, de s ign  methodology, 
h a s  r e ce ived  r e l a t i v e l y  l i t t l e  a t t e n t i o n .  Th is  is  t h e  s u b j e c t  of t h i s  re- 
p o r t .  The des ign  of  new sewer systems o r  f o r  e x t e n s i o n  of e x i s t i n g  systems 
may b e  f o r  t h e  purpose of urban f l o o d  m i t i g a t i o n ,  o r  i t  may be  i n  con- 
j u n c t i o n  w i t h  o t h e r  p o l l u t i o n  c o n t r o l  f a c i l i t i e s  such  as t r e a tmen t  p l a n t s  
and overf low r e g u l a t o r s ,  o r  both.  Urban s to rm wa te r  d r a inage  actua1l.y 
c o n s i s t s  of two d i s t i n c t  and s e q u e n t i a l l y  connected systems;  namely, t h e  
l and  s u r f a c e  d r a inage  sys tem from r e c e i v i n g  t h e  w a t e r  ( p r e c i p i t a t i o n )  t o  
t h e  i n l e t  c a t ch  b a s i n s ,  and t h e  sewer system downstream from t h e  i n l e t  
c a t c h  b a s i n s .  OAly t h e  l a t t e r  p a r t ,  t h e  de s ign  a s p e c t  of  t h e  sewer 
s y s t e m s , i s  cons idered  i n  t h i s  r e p o r t .  S e v e r a l  t echn iques  o r  t o o l s  have 
been i n v e s t i g a t e d  and f o u r  de s ign  models have been developed.  The frame- 
work of t h e s e  models i s  t h e  use  of a  p a r t i c u l a r  form of dynamic programming 
t o  perform a s e a r c h  f o r  a  minimum c o s t  combination of p i p e  s i z e s ,  s l o p e s  
and e l e v a t i o n s .  Two types  of  c o s t s  a r e  cons idered :  t h e  i n s t a l l a t i o n  
c o s t  and t h e  damage c o s t  i n  t h e  even t  t h a t  t h e  c a p a c i t y  of t h e  system is 
exceeded. The l a t t e r  c o s t  i s  u s u a l l y  n o t  fo rmal ly  cons idered  i n  urban 
d r a inage  de s ign  work. 
Another de s ign  a s p e c t  t h a t  i s  u s u a l l y  g iven  s u p e r f i c i a l  a t t e n t i o n  
is  t h e  c o n s i d e r a t i o n  of u n c e r t a i n t i e s .  Conventional. t e chn iques  beg in  w i th  
t h e  de t e rmina t i on  of a  r e t u r n  p e r i o d  t o  b e  used  i n  s e l e c t i n g  a "design 
storm" o r  r a i n f a l l .  The runoff  from t h i s  de s ign  s t o rm  is  then  used to,  
de s ign  t h e  sys tem which i s  then  assumed t o  a cqu i r e  t h e  same performance 
r e t u r n  pe r i od  a s  assumed f o r  t h e  r a i n f a l l .  Fur thermore,  no a d d i t i o n a l  con- 
s i d e r a t i o n  of  u n c e r t a i n t y  is  g iven .  There a r e ,  i n  f a c t ,  many sou rce s  of 
u n c e r t a i n t y  i n  any de s ign  procedure  and t h e  p r o b a b i l i t y  of  exceeding t h e  
c a p a c i t y  of  t h e  sys tem should i n c l u d e  a l l  of them. Chapter 5 of t h i s  
r e p o r t  p r e s e n t s  an approach f o r  account ing  f o r  u n c e r t a i n t i e s  and t hus  h a s  
been adopted f o r  u se  i n  s e v e r a l  of t h e  de s ign  models. 
A f i n a l  t echn ique  g iven  c o n s i d e r a t i o n  i s  f l o o d  r o u t i n g  i n  t h e  
sewer sys tem.  The r a t i o n a l  mbthod of d e s i g n  uses  no r o u t i n g  s i n c e  each  
p i p e  i s  independen t ly  des igned.  However, t h e  p i p e s  do n o t  perform independ- 
e n t l y  and f l o o d  r o u t i n g  t e c h n i q u e s  p r o v i d e  a more r e a l i s t i c  p i c t u r e  of t h e  
t r a n s l a t i o n  and a t t e n u a t i o n  of in-system hydrographs .  T h i s  can l e a d  t o  
more economical  d e s i g n s  s i n c e  t h e  o v e r a l l  e f f e c t  is  t o  reduce  t h e  computed 
peak f lows.  S e v e r a l  r o u t i n g  t e c h n i q u e s  have been e v a l u a t e d  a s  d e s c r i b e d  
i n  Chapter  6 and i n c o r p o r a t e d  i n  t h e  d e s i g n  models. 
The work d e s c r i b e d  i n  t h i s  r e p o r t  r e p r e s e n t s  one p o s s i b l e  i n i t i a l  
s t e p  i n  t h e  development o f  a comprehensive method f o r  d e s i g n  o f  u rban  
d r a i n a g e  systems.  S e v e r a l  o f  t h e  t e c h n i q u e s  are r e l a t i v e l y  new as f a r  as 
d e s i g n  methodology i s  concerned,  b u t  i t  i s  b e l i e v e d  t h a t  t h e i r  cons idera -  
t i o n  h a s  c o n s i d e r a b l e  m e r i t .  
Chapter 2. DESIGN PHILOSOPHY 
I d e a l l y ,  an opt imal  design method f o r  s torm sewer systems should 
produce a  design providing maximum economic b e n e f i t s ,  cons ider ing  
r e a l i s t i c a l l y  and accu ra t e ly  t h e  p e r t i n e n t  hydro logic ,  hydrau l i c ,  con- 
s t r u c t i o n ,  and economic f a c t o r s .  The opt imiza t ion  should b e  c a r r i e d  out  
considering n o t  s o l e l y  t h e  sewer system i t s e l f  b u t  a l s o  t h e  dra inage  
f a c i l i t i e s  immediately connected t o  and c l o s e l y  i n t e r f a c e d  wi th  i t .  These 
f a c i l i t i e s  inc lude  t h e  land s u r f a c e  drainage system upstream from t h e  
sewer system and t h e  t rea tment  system and rece iv ing  water  bodies  downstream. 
To inc lude  t h e  su r f acy  drainage system, t reatment  system, r ece iv ing  water  
body and s torm sewer system toge ther  f o r  water  q u a l i t y  and q u a l i t y  
management s t r a t e g i c  planning is s u f f i c i e n t l y  d i f f i c u l t  i n  view of today ' s  
computer c a p a b i l i t y .  To cons ider  s imultaneously a l l  t h e s e  systems f o r  
opt imal  design of l a y o u t ,  s lope ,  and s i z e  of a  s torm sewer system is a  
t a s k  t h a t  has  y e t  t o  be attempted. A s  a  f i r s t  s t e p  towards t h i s  genera l  
goa l ,  i t  is worthwhile t o  f i r s t  d e f i n e  t h e  philosophy f o r  opt imal  design 
of t h e  s torm sewer system i t s e l f .  From the  methodology development and 
c l a s s i f i c a t i o n  viewpoint ,  t he  des ign  philosophy can be d iscussed  from f o u r  
d i f f e r e n t  a spec t s ;  namely, system opt imiza t ion ,  u n c e r t a i n t i e s  and r i s k s ,  
rou t ing  of sewer flow, and t h e  c o n s t r a i n t s  and assumptions involved. 
2.1. System Optimizat ion 
The key po in t s  involved i n  t he  i d e a  of op t imiza t ion  a r e  t h e  
fol lowing:  
(a)  The opt imiza t ion  is c a r r i e d  out  f o r  t h e  e n t i r e  sewer system, 
inc luding  n o t  j u s t  t he  sewers but  a l s o  manholes, j unc t ions ,  
and o t h e r  a u x i l i a r y  f a c i l i t i k  such a s  d e t e n t i o n  r e s e r v o i r s ,  
overflow devices ,  pumps, and o t h e r  flow r e g u l a t o r s .  
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(b) The ob jec t ive  of opt imiza t ion  i s  t o  produce a  design of t he  
e n t i r e  sewer system providing the  b e s t , b e n e f i t - c o s t  
r e l a t i o n s h i p  wi th in  t h e  phys ica l ,  economical, s o c i a l ,  and 
environmental c o n s t r a i n t s  and assumptions. I d e a l l y  t h e  
measure of b e n e f i t  should inc lude  n o t  only t h e  t ang ib le  
ones such a s  reduct ion  of damages bu t  a l s o  t h e  i n t a n g i b l e s  
such a s  improvement of t h e  environmental h e a l t h  and reduct ion  
of r i s k  of l o s s  of human l i v e s .  The c o s t  should inc lude  not  
only the  i n s t a l l a t i o n  cos t  b u t  a l s o  o the r  c o s t s  such as  
those f o r  opera t ion  and maintenance. 
(c )  The optimal design of t h e  system should give n o t  only t h e  . 
s i z e s  of t h e  ind iv idua l  sewers and manholes bu t  a l s o  the  
sewer s lopes  and layout .  
2.2. Unce r t a in t i e s  and Risks 
Uncer ta in t ies  a r i s e  i n  almost every a spec t  and every f a c t o r  in-  
volved i n  urban storm sewer systems. These u n c e r t a i n t i e s  should be 
accounted f o r  i n  an optimal design. I n  f a c t ,  t h e  design methodology should 
be  a b l e  t o  produce a  design giving the  b e s t  benef i t -cos t  r e l a t i o n s h i p  wi th  
t h e  corresponding r i s k  l e v e l s  f o r  the  sewers t h a t  a r e  wi th in  t h e  s p e c i f i e d  
acceptable  maximum r i s k  l e v e l s  f o r  the p r o j e c t .  I n  t h e  design a t  l e a s t  t h e  
fol lowing u n c e r t a i n t i e s  should be accounted f o r :  
(a)  Hydrologic u n c e r t a i n t i e s  - These inc lude  u n c e r t a i n t i e s  on 
t h e  accuracy of t h e  i n l e t  hydrographs which a r e  t h e  input  
i n t o  the  sewer system, t h e  p r o b a b i l i t y  of occurrence of 
f u t u r e  f loods  more severe  than t h e  design i n l e t  hydrographs, 
and the  unce r t a in ty  on t h e  f u t u r e  change of t h e  phys ica l  
c h a r a c t e r i s t i c s  of t he  drainage bas in .  
(b)  Hydrau l ic  u n c e r t a i n t i e s  - These i n c l u d e  t h e  u n c e r t a i n t i e s  i n  
t h e  mathemat ical  s i m u l a t i o n  model i n  d e s c r i b i n g  t h e  f low i n  
t h e  sewers  and through t h e  j u n c t i o n s .  P a r t i c u l a r l y ,  i f  
s imple  f low formulas  such  a s  Manning's fo rmula  and t h e  
B e r n o u l l i  e q u a t i o n  are used ,  t h e  u n c e r t a i n t i e s  i n  u s i n g  t h e s e  
formulas  t o  d e s c r i b e  uns teady  f low,  upst ream and downstream 
backwater  e f f e c t s ,  sewer s u r c h a r g e s ,  and j u n c t i o n  l o s s e s  
shou ld  b e  accounted f o r .  Also t h e  u n c e r t a i n t y  on  change o f  
sewer p i p e  roughness  w i t h  t ime shou ld  b e  cons idered .  
( c )  M a t e r i a l  u n c e r t a i n t i e s  - These i n c l u d e  t h e  u n c e r t a i n t i e s  on  
t h e  q u a l i t y  c o n t r o l  of t h e  m a t e r i a l s  used i n  t h e  sewer 
sys tem,  such  a s  t h e  d i a m e t e r ,  s t r a i g h t n e s s ,  and u n i f o r m i t y  
of s u r f a c e  roughness of t h e  sewer  p i p e s .  
(d)  C o n s t r u c t i o n  u n c e r t a i n t i e s  - These i n c l u d e  t h e  u n c e r t a i n t i e s  
i n  t h e  accuracy i n  l a y i n g  t h e  sewer  p i p e s ,  s e t t l e m e n t  of 
t h e  bedding s o i l ,  and sewer d e f l e c t i o n  under  l o a d .  
( e )  U n c e r t a i n t i e s  on c o s t s  and damages - These i n c l u d e  t h e  un- 
c e r t a i n t i e s  i n  t h e  c o s t  e s t i m a t i o n  f u n c t i o n s  f o r  i n s t a l l a t i o n ,  
o p e r a t i o n  and maintenance,  damages, and changes o f  i n t e r e s t  
and i n f l a t i o n  r a t e s .  
( f )  U n c e r t a i n t i e s  i n  t h e  expec ted  sewer sys tem s e r v i c e  l i f e  and 
t h e  d e s i g n  r e t u r n  p e r i o d ,  o r ,  more r a t i o n a l l y ,  t h e  a c c e p t a b l e  
f a i l u r e  r i s k  l e v e l .  
2 . 3 .  Sewer Flow R o u t i n g  
T h e o r e t i c a l l y ,  a r e l i a b l e  h y d r a u l i c  r o u t i n g  method shou ld  b e  used 
i n  d e s i g n i n g  sewers. Sewer f lows  are g e n e r a l l y  u n s t e a d y ,  nonuniform when 
t h e  p i p e  is  n o t  f lowing  f u l l  and under  p r e s s u r e ,  and s u b j e c t  t o  backwater  
e f f e c t s  from b o t h  upst ream and downstream of t h e  p i p e .  As d i s c u s s e d  by 
Yen (1973) ,  a h igh  accuracy  h y d r a u l i c  r o u t i n g  method u s ing  t h e  f u l l  dynamic 
e q u a t i o n s  f o r  sewers  and j u n c t i o n s  account ing  f o r  f low u n s t e a d i n e s s  and 
backwater e f f e c t s  r e q u i r e s  a cons ide r ab l e  amount of computer time 
on a l a r g e  d i g i t a l  computer. It i s  most u n l i k e l y  t h a t  such  a s o p h i s t i c a t e d  
r o u t i n g  scheme can be  i nco rpo ra t ed  w i t h i n  an  o p t i m i z a t i o n  procedure  t o  
p rov ide  a new des ign  method which is  w i t h i n  t h e  c a p a b i l i t i e s  of e x i s t i n g  
computers.  I n  f a c t ,  as sugges ted  by Yen and Sevuk (1975) ,  even f o r  
h y d r a u l i c  de s ign  of sewers  w i thou t  account ing  f o r  u n c e r t a i n t i e s  and c o s t  
op t im iza t i on ,  t h e  s o p h i s t i c a t e d  r o u t i n g  scheme us ing  t h e  f u l l  dynamic 
equa t i ons  f o r  sewer sys tem des ign  is  needed and j u s t i f i a b l e  i n  most c a se s  
on ly  f o r  t h e  f i n a l  checking of t h e  h y d r a u l i c  accuracy  of t h e  des ign .  They 
showed t h a t  i n  view of t h e  d i s c r e t e  s i z e s  of commercially a v a i l a b l e  p i p e s ,  
s i m p l e r  approximate h y d r a u l i c  r o u t i n g  methods a r e  u s e f u l  i n  sewer des igns .  
Yen and Sevuk (1975) po in t ed  o u t  t h a t  u s ing  e i t h e r  t h e  Manning's 
formula  f o r  sewer f low wi th  a p p r o p r i a t e  t ime  s h i f t i n g  o f  t h e  hydrographs 
o r  a  n o n l i n e a r  k inema t i c  wave approximat ion u s u a l l y  g ive  a c c e p t a b l e  de s igns  
w i t h  c o n s i d e r a b l e  s av ings  i n  computer t i m e .  I n  a d d i t i o n ,  a modif ied 
k inema t i c  wave r o u t i n g  scheme, c a l l e d  t h e  Muskingum-Cunge method (Cunge, 
1969) ,  a l s o  g i v e  r e s u l t s  c l o s e  t o  t hose  g iven  by t h e  n o n l i n e a r  k inema t i c  
wave approximat ion wh i l e  r e q u i r i n g  less computer t i m e .  
It i s  d i f f i c u l t  t o  e s t a b l i s h  a p r i o r i  which,  i f  any, r o u t i n g  
techn ique  i s  b e s t .  There fore  t h e  above t h r e e  methods have a l l  been con- 
s i d e r e d .  A d i s c u s s i o n  of each i s  inc luded  i n  Chapter  6.  Presumably,  t h e  
i d e a l  r o u t i n g  method f o r  t h e  op t ima l  de s ign  should be t h e  one t h a t  g i v i n g  
s u f f i c i e n t  accuracy y e t  n o t  r e q u i r i n g  exces s ive  computer t ime and capac i t y .  
2.4.  C o n s t r a i n t s  and Assumptions 
I n  a d d i t i o n  t o  t h e  above c o n s i d e r a t i o n s ,  a de s ign  methodology 
must i n c l u d e  a number of c o n s t r a i n t s  and assumptions  which a r e  commonly 
used i n  e n g i n e e r i n g  p r a c t i c e  such  a s  t h o s e  p r e s e n t e d  by t h e  ASCE Urban Water 
Resources Research Program (1968) and ASCE and Water P o l l u t i o n  C o n t r o l  
F e d e r a t i o n  (1969).  The c o n s t r a i n t s  and assumptions  used i n  t h e  v a r i o u s  de- 
s i g n  models i n  t h i s  s t u d y  a r e  a s  f o l l o w s :  
( a )  F ree -sur face  flow e x i s t s  f o r  t h e  d e s i g n  d i s c h a r g e s  o r  
hydrographs ,  i . e . ,  t h e  sewer sys tem is  " g r a v i t y  flow" s o  
t h a t  pumping s t a t i o n s  and p r e s s u r i z e d  sewers  a r e  n o t  
cons idered .  
(b )  The sewers  a r e  commercially a v a i l a b l e  c i r c u l a r  s i z e s  no 
s m a l l e r  than  8  i n .  i n  d iamete r .  Flows t h a t  r e q u i r e  p i p e s  
s m a l l e r  t h a n  8  i n .  i n  d i a m e t e r  can b e  c a r r i e d  by street 
g u t t e r s  e l i m i n a t i n g  t h e  need o f  sewers .  The commercial 
s i z e s  i n  i n c h e s  a r e  8 ,  1 0 ,  1 2 ,  from 1 5  t o  30 w i t h  a  3  i n .  
increment  and from 36 t o  120 w i t h  an increment  o f  6  i n .  
( c )  The d e s i g n  d i a m e t e r  i s  t h e  s m a l l e s t  commercially a v a i l a b l e  
p i p e  t h a t  h a s  f low c a p a c i t y  e q u a l  t o  o r  g r e a t e r  t h a n  t h e  
d e s i g n  d i s c h a r g e  and s a t i s f i e s  a l l  t h e  a p p r o p r i a t e  
c o n s t r a i n t s .  
(d )  Storm sewers must b e  p l a c e d  a t  a  d e p t h  t h a t  w i l l  n o t  b e  
s u s c e p t i b l e  t o  f r o s t  , d r a i n  basements ,  and a l l o w  s u f f i c i e n t  
cush ion ing  t o  p r e v e n t  b reakage  due t o  ground s u r f a c e  l o a d i n g .  
T h e r e f o r e ,  minimum cover  d e p t h s  must b e  s p e c i f i e d .  
( e )  The sewers  a r e  j o i n e d  a t  j u n c t i o n s  s u c h  t h a t  t h e  crown 
e l e v a t i o n  of t h e  upst ream sewer i s  no lower  t h a n  t h a t  of t h e  
downstream sewer. 
( f )  To p reven t  o r  reduce permanant d e p o s i t i o n  i n  t h e  s e w e r s ,  a  
minimum p e r m i s s i b l e  f low v e l o c i t y  a t  d e s i g n  d i s c h a r g e  o r  a t  
b a r e l y  f u l l - p i p e  g r a v i t y  f low i s  s p e c i f i e d .  A minimum 
f u l l - condu i t  f low v e l o c i t y  o f  2 f p s  is  r e q u i r e d  o r  recommended 
by most h e a l t h  depar tments .  
(g) To preven t  occur rence  of s c o u r  and o t h e r  u n d e s i r a b l e  e f f e c t s  
of h i g h  v e l o c i t y  flow, a maximum p e r m i s s i b l e  f low v e l o c i t y  i s  
a l s o  s p e c i f i e d .  The most commonly used va lue  i s  1 0  ' fps.  
However, r e cen t  s t u d i e s  have shown w i t h  t h e  q u a l i t y  of modern 
conc re t e  and o t h e r  sewer p i p e s  t h e  accep t ab l e  maximum 
v e l o c i t y  can be cons ide r ab ly  h i g h e r .  
(h) A t  any j unc t i on  o r  manhole t h e  downstream sewer cannot  b e  
s m a l l e r  than any of t h e  upstream sewers  a t  t h a t  j unc t i on .  
( i )  The des ign  in f lows  i n t o  t h e  sewer system are t h e  i n l e t  hydro- 
graphs o r  peak d i s cha rges .  
Furthermore,  f o r  t h e  o p t i m i z a t i o n  models,  t h e  f o l l owing  a d d i t i o n a l  
assumptions  a r e  made: 
( a )  The sewer system is a  d e n d r i t i c  network converging towards 
downst ream. 
(b) No nega t i ve  s l o p e  is  al lowed f o r  any sewers  i n  t h e  d e n d r i t i c  
network. 
(c )  The d i r e c t i o n  of t h e  f low i n  a sewer is  un ique ly  determined 
from topographic  c o n s i d e r a t i o n s .  
(d)  Presumably t h e  c o s t  f u n c t i o n  f o r  i n s  t a l l a t i o n  v a r i e s  w i t h  
geographic  l o c a t i o n s  and time. For  i l l u s t r a t i v e  purposes  a 
s e t  of s imple  c o s t  f u n c t i o n s  proposed by Alan M. Voorhees 
(1969) is  adopted i n  t h i s  s t udy .  The p i p e  i n s t a l l a t i o n  
c o s t  i n  d o l l a r s  p e r  l i n e a r  f o o t  of sewer ,  C i s  P 
i n  which d  is sewer d iamete r  i n  f e e t  and H is t h e  sewer i n v e r t  
d e p t h  i n  f e e t  below t h e  ground s u r f a c e .  The dep th  H of each  
sewer i s  computed a s  t h e  average  o f  t h e  i n v e r t  d e p t h s  a t  t h e  
upst ream and downstream ends  of t h e  sewer. The u n i t  c o s t  of 
a manhole, 
'm ' 
i n  d o l l a r s  i s  
i n  which h  i s  t h e  dep th  o f  t h e  manhole i n  f e e t  which i s  
/ 
de te rmined  by t h e  lowes t  i n v e r t  of t h e  sewers j o i n i n g  t h e  man- 
h o l e .  
Chapter  3. REVIEW OF EXISTING SEWER DESIGN METHODS 
Most of t h e  p r e v i o u s l y  developed sewer d e s i g n  models t h a t  have 
been adopted i n  e n g i n e e r i n g  p r a c t i c e  are h y d r a u l i c  d e s i g n  models. I n  t h e  
l as t  decade a few s t u d i e s  have been r e p o r t e d  d e a l i n g  w i t h  d e s i g n  of sewers  
on t h e  b a s i s  o f  minimum c o s t .  A b r i e f  review of t h e s e  two types  of sewer 
d e s i g n  models i s  g i v e n  i n  t h i s  c h a p t e r .  
3.1. H y d r a u l i c  Design Models 
The sewer h y d r a u l i c  d e s i g n  models de te rmine  t h e  sewer s i z e s  
u s i n g  o n l y  h y d r a u l i c  c o n s i d e r a t i o n s .  No c o n s i d e r a t i o n  is  g i v e n  t o  c o s t  
min imiza t ion  n o r  are r i s k s  and u n c e r t a i n t i e s  accounted f o r .  The sewer 
sys tem l a y o u t  is  predetermined and t h e  sewer  s l o p e  g e n e r a l l y  i s  assumed t o  
f o l l o w  t h e  ground s l o p e  o r  i s  s p e c i f i e d .  The b a s i c  d e s i g n  concept  i s  t o  
de te rmine  t h e  minimum sewer s i z e  t h a t  h a s  a c a p a c i t y  t o  c a r r y  t h e  d e s i g n  
d i s c h a r g e  under f u l l  p i p e  g r a v i t y  f low c o n d i t i o n s .  
The d e s i g n  models cons idered  h e r e  a r e  t h o s e  hav ing  a  b u i l t - i n  
mechanism f o r  d e t e r m i n a t i o n  of sewer s i z e s .  Many of  t h e  s o  c a l l e d  "sewer 
d e s i g n  methods" a r e  a c t u a l l y  f low s i m u l a t i o n  o r  p r e d i c t i o n  methods t o  
p r o v i d e  t h e  d e s i g n  hydrographs .  They r e q u i r e  t h e  l a y o u t ,  s l o p e ,  l e n g t h  and 
s i z e  of t h e  sewers  t o  b e  known o r  assumed. They do n o t  have a means f o r  
d i r e c t  d e t e r m i n a t i o n  o f  sewer s i z e s .  Hence, t h e y  a r e  n o t  r egarded  h e r e i n  
a s  t r u e  sewer d e s i g n  methods and n o t  c o n s i d e r e d  i n  t h i s  review.  
The impor tan t  f e a t u r e s  of t h e  major  sewer h y d r a u l i c  d e s i g n  models 
are summarized i n  Tab le  3.1. 
3.1.1.  S teady  Flow Methods 
The most commonly used model i s  t h e  r a t i o n a l  method o r  i t s  v a r i a -  
t i o n s  which can b e  c o l l e c t i v e l y  c a l l e d  s t e a d y  flow methods. The sewer 
d e s i g n  d i s c h a r g e  is  o b t a i n e d  by adding t h e  hydrographs  o r  peak f lows from 
t he  upstream sewers with o r  without  cons ider ing  l a g  e f f e c t s .  The r equ i r ed  
sewer s i z e  i s  subsequent1.y computed by us ing  t h e  Manning, Darcy-Weisbach, 
Hazen-Williams, o r  s i m i l a r  formula assuming f u l l  p ipe  flow with a  pre- 
determined sewer s lope .  The adopted sewer s i z e  i s  t h e  next  commercially 
a v a i l a b l e  p ipe  s i z e  t h a t  is equal  t o  o r  g r e a t e r  than t h e  requi red  s i z e .  No 
rou t ing  of t h e  flow is involved and no cons ide ra t ion  is given t o  t h e  un- 
s t eady  and nonuniform na tu re  of t h e  sewer flow. The e f f e c t  of i n - l i n e  
s t o r a g e  is neglec ted .  Using the  Manning formula, t h e  minimum requi red  
sewer diameter  d  f o r  t h e  design d ischarge  Q is (Yen and Sevuk, 1975) 
P 
i n  which n i s  t h e  Manning's roughness f a c t o r  and S i s  t h e  sewer s lope .  
0 
3.1.2. Chicago Hydrograph Method 
This method (Tholin and K e i f e r ,  1960) is a s teady  flow hydro- 
graph r o u t i n g  approach which cons iders  i n - l i n e  s to rage .  Two approaches 
were recommended by Tholin and Kei fer .  The s impler  one is a t ime-offset  
scheme i n  which a  sewer inf low hydrograph i s  subdivided i n t o  a  number of 
component hydrographs, each s h i f t e d  by a  time equal  t o  an assumed time of 
t r a v e l .  The sum of these  s h i f t e d  component hydrographs g ives  t h e  outflow 
hydrograph of t he  sewer. This  technique lacks  t h e o r e t i c a l  j u s t i f i c a t i o n  
and the  r e s u l t  depends on t h e  number of component hydrographs used and 
consequently t h e  s o l u t i o n  is not  n e c e s s a r i l y  unique. 
The o t h e r  approach considered i s  a  s t o r a g e  rou t ing  scheme us ing  
Manning's formula and t h e  c o n t i n u i t y  equat ion  f o r  flow i n  t h e  sewer. From 
the  hydrau l i c  viewpoint , t h i s  i s  a l i n e a r  kinematic-wave approximation 
(Yen, 1973a). I n  t h i s  approach, t h e  con t inu i ty  equat ion  express ing  mass 
conserva t ion  i s  w r i t t e n  a s  
TABLE 3.1. Summary of Sewer Hydraul ic  Design Models 
Model Sewer Sewer Junct ion  Backwater Design 
Sys tem Hydraul ics  Hydraul ics  E f f e c t  Sequence 
Input  Considered in Network 
Ra t iona l  I n l e t  No rou t ing ,  no Continui ty No Cascading 
peak time l a g  of d i s -  equat ion 
d ischarges  charges 
Rat iona l  I n l e t  No rou t ing ,  time Continui ty No Cascading 
hydrographs l a g  of hydro- equat ion  
graphs 
Chicago I n l e t  ' Storage rou t ing  Continui ty N o Cascading 
Hydrograph hydrographs o r  time-of f s e  t equat ion 
w 
G, without  rou t ing  
TRRL I n l e t  Reservoir  rou t ing  Continui ty No Cascading 
hydrographs lagged by time equat ion 
of t r a v e l  
ILLUDAS I n l e t  Reservoir  rou t ing  Continui ty No Cascading 
hydrographs lagged by time equat ion 
of t r a v e l  
Kinematic I n l e t  Nonlinear kine- Continui ty Upstream Cascading 
Wave hydrographs ma t i c  wave and only 
rou t ing  dynami c 
equat ions 
EPA SWMM I n l e t  Improved non- Continui ty Upstream Cascading 
hydrographs l i n e a r  kinematic  equat ion  and 
wave rou t ing  p a r t i a l  
downstream 
ISS I n l e t  Dynamic wave Continui ty Both up- Y-segment 
hydrographs (S t .  Venant eqs .) and dynamic s t ream and sequence 
rou t ing  equat ions  downstream 
Output Ref. 
Sewer diameters  and 
design d ischarges  
.Sewer diameters  and 
design d ischarges  
Sewer diameters  and 
design hydrographs 
Sewer diameters  and 
bas in  runoff hydro- 
graph 
Sewer diameters  and 
design hydrographs 
Sewer d iameters ,  
d i scharge  hydrographs 
and depth 
Sewer d iameters ,  
design hydrographs 
and flow v e l o c i t i e s  
Sewer diameters  and 
d ischarge ,  depth and 
v e l o c i t y  graphs 
Yen and Sevuk 
(1975) ; ASCE 
and WPCF (1969) 
Yen and Sevuk 
(1975) 
Tholin and 
Ke i f e r  (1960) ; 
Yen and Sevuk 
(1975) 
Watkins (1963) 
Ters t r i e p  and 
S t a l l  (1974) 
Yen .and Sevuk 
(1975) 
Metcalf & Eddy 
e t  a l .  (1971); 
Huber e t  a l .  
(19 75) 
Yen and Sevuk 
(1975) ; Sevuk 
e t  a l .  (1973) 
i n  which I i s  t h e  i n f l o w  r a t e  i n t o  t h e  sewer ;  Q i s  t h e  o u t f l o w  r a t e  a t  t h e  
e x i t  of t h e  sewer ;  s i s  t h e  s t o r a g e  of w a t e r  i n  t h e  sewer ;  t i s  t ime ;  and 
s u b s c r i p t s  1 and 2 r e p r e s e n t  t h e  q u a n t i t i e s  a t  t h e  b e g i n n i n g  and end of  
t h e  t ime i n t e r v a l ,  A t ,  b e i n g  c o n s i d e r e d .  
Fol lowing T h o l i n  and K e i f e r ' s  assumpt ions  and u s i n g  ~ a n n i n g ' s  
fo rmula ,  t h e  s t o r a g e  f u n c t i o n  can b e  o b t a i n e d  a s  
i n  which L is  t h e  sewer l e n g t h  and 0 i s  t h e  c e n t r a l  a n g l e  of  t h e  w a t e r  
s u r f a c e  a s  shown i n  Fig .  3.1. Thus,  t h e  i n f l o w  hydrograph f o r  a  sewer can 
be  r o u t e d  u s i n g  Eqs. 3.2 and 3.3 t o  o b t a i n  t h e  o u t f l o w  hydrograph f o r  t h e  
sewer .  
The sewer  d e s i g n  p rocedure  f o r  t h i s  method i s  e s s e n t i a l l y  t h e  
same a s  t h a t  f o r  t h e  s t eady- f low method w i t h  t h e  t ime  s h i f t i n g  of hydro- 
g raphs  d i s c u s s e d  i n  S e c t i o n  3 .1 .1 ,  e x c e p t  t h a t  t h e  hydrographs  a r e  now 
r o u t e d  through t h e  sewers  i n s t e a d  o f  s imply  l agged .  Once t h e  peak f low,  
P  
, is  e v a l u a t e d  f o r  a  sewer ,  i t s  d i a m e t e r  can b e  de te rmined  by u s i n g  
E q .  3.1. 
3 .1 .3 .  T r a n s p o r t  and Road Research Labora to ry  Xethod 
The B r i t i s h  T r a n s p o r t  and Road Research L a b o r a t o r y  (TRRL) method 
(Watkins,  1962,  1963;  T e r s  t r i e p  and S t a l l ,  1969) i s  a n o t h e r  s t eady- f  low 
hydrograph r o u t i n g  method known i n  t h e  United S t a t e s  by i t s  o r i g i n a l  name, 
t h e  RRL method. The method was developed mainly  t o  c a l c u l a t e  " t h e  r a t e s  
o f  s t o r m  runof f  i n  sewer  systems" (Watkins,  1962) a l t h o u g h  a  scheme f o r  

sewer s i z e  computation w a s  added. The i n l e t  hydrographs a r e  rou ted  through 
t h e  sewers  u s i n g  a r e s e r v o i r  r o u t i n g  technique.  The t ime of  t r a v e l  i n  a 
sewer i s  computed a s  t = L / V ,  where L i s  t h e  l e n g t h  of  t h e  sewer and V is  
t h e  f u l l  p i p e  f low v e l o c i t y  computed by u s ing  t h e  Darcy-Weisbach formula  
i n  which g i s  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n ;  R i s  t h e  h y d r a u l i c  r a d i u s ,  Sf 
is  t h e  f r i c t i o n  s l o p e ,  and t h e  Weisbach r e s i s t a n c e  c o e f f i c i e n t  f  i s  g iven  
by t h e  Colebrook-White formula 
where k i s  t h e  e q u i v a l e n t  p i p e  roughness and v i s  t h e  k inemat ic  v i s c o s i t y .  
The i n f l ow  hydrograph of a sewer i s  t h e  combinat ion of t h e  out-  
f low hydrograph from t h e  upstream system and t h e  l o c a l  i n l e t  h ~ d r o g r a p h s .  
The sewer d iamete r  can then  b e  computed f o r  t h e  peak d i s cha rge  u s ing  t h e  
Darcy-Weisbach formula  
i n  which d i s  i n  f t  and Q i n  c f s .  
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The i n f l ow  hydrograph f o r  a sewer i s  r o u t e d  u s ing  t h e  c o n t i n u i t y  
r e l a t i o n s h i p ,  Eq. 3.2 and a s t o r age -d i s cha rge  r e l a t i o n s h i p  i s  supplemented 
t o  Eq. 3.2 t o  g ive  t h e  ou t f l ow  r a t e .  O r i g i n a l l y ,  Watkins sugges ted  t h e  
use  of  t h e  r e c e s s i o n  p a r t  of recorded runof f  hydrograph t o  e s t a b l i s h  t h e  
s t o r age -d i s cha rge  r e l a t i o n s h i p .  I n  a l a t e r  v e r s i o n ,  i t  was sugges ted  t o  
approximate t h i s  r e l a t i o n s h i p  u s ing  t h e  Darcy-Weisbach formula  (Eq .  3 . 4 )  
wi th  f  g iven  by Eq. 3 .5  assuming i n s t a n t a n e o u s l y  t h e  sewer flow i s  s t e a d y  
and uniform. A l i n e a r  i n t e r p o l a t i o n  between t h e  va lues  of hydrau l i c  r ad ius  
and flow a r e a  was suggested t o  avoid a t ime consuming i n t e r a t i v e  s o l u t i o n .  
Bas i ca l ly ,  from a rou t ing  viewpoint ,  t h e  sewer des ign  scheme of 
t h e  TRRL method is e s s e n t i a l l y  t h e  same a s  t h a t  of t h e  Chicago hydrograph 
method. The only d i f f e r e n c e  between t h e  two methods is t h a t  i n s t e a d  of 
us ing  Eq. 3.3 which is based on t h e  Manning formula, Eq. 3.4 w i th  f  being 
es t imated  by a s i m p l i f i e d  Colebrook-White formula is used t o  g ive  t h e  
s t o r a g e  func t ion .  Consequently, t h e  two methods g ive  i d e n t i c a l  des igns  
when t h e  flow is t u r b u l e n t  and f u l l y  developed f o r  which ~ e i s b a c h ' s  f  and 
Manning ' s n a r e  equ iva l en t  . 
3.1.4. I l l i n o i s  Urban Drainage Area Simulator  (ILLUDAS) 
ILLUDAS ( T e r s t r i e p ' a n d  S t a l l ,  1974) i s  a modi f ica t ion  of TRRZ, 
method t o  account f o r  t he  s u r f a c e  runoff f rompervious  a reas .  Its sewer 
flow r o u t i n g  concept is t h e  same a s  TRlU method. S ince  ~ a n n i n g ' s  formula 
i n s t e a d  of Darcy -~e i sbach ' s  i s  used i n  t he  computation, t h e  sewer des ign  
a spec t  of ILLUDAS i s  e s s e n t i a l l y  t h e  same a s  t he  Chicago hydrograph method 
wi th  i t s  s t o r a g e  rou t ing  scheme. 
3.1.5. Kinematic Wave Methbd 
I n  t h e  non l inea r  kinematic  wave method, t h e  unsteady sewer flow 
is descr ibed  by t h e  fol lowing two equat ions  (Yen and Sevuk, 1975) 
i n  which x i s  t h e  d i s t a n c e  along t h e  sewer; A i s  t h e  flow c ros s  s e c t i o n a l  
a r e a  normal t o  x ;  and t i s  time. The f r i c t i o n  s l o p e ,  S f ,  i s  approximated 
by Planning's o r  Darcy-Weisbach's formula.  Equat ions  3 . 7  and 3.8  a r e  then 
s o l v e d  numer ica l ly  w i t h  i n i t i a l  and upstream cond i t i ons  s p e c i f i e d .  No 
downstream boundary c o n d i t i o n  i s  r e q u i r e d  and consequent ly  downstream back- 
wate r  e f f e c t s  cannot  b e  accounted f o r .  
Yen and Sevuk (1975) formulated a  n o n l i n e a r  k inema t i c  wave sewer 
des ign  model u s ing  a  four -po in t  n o n c e n t r a l  i m p l i c i t  f i n i t e - d i f f e r e n c e  
numer ica l  scheme. Manning's formula  i s  used t o  e v a l u a t e  S  The j u n c t i o n  f '  
o r  manhole cond i t i on  i s  accounted f o r  by t h e  c o n t i n u i t y  equa t i on  
i n  which s = s t o r a g e  i n  t h e  manhole o r  j u n c t i o n ;  Q .  = s u r f a c e  i n f l ow  i n t o  
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t h e  j unc t i on ;  s u b s c r i p t s  1 and 2 r e p r e s e n t  t h e  i n f l o w  sewers ;  and s u b s c r i p t  
3  i n d i c a t e s  t h e  ou t f l ow  sewer from t h e  j unc t i on .  I f  t h e  s t o r a g e  of t h e  
manhole o r  j u n c t i o n  i s  n e g l i g i b l e ,  t h e  r ight-hand s i d e  of  Eq. 3.9 is e q u a l  
t o  zero.  
3 .1 .6 .  EPA Storm Water Management Model (SWMM) 
The EPk SWMM (Metcalf  & Eddy, I n c .  e t  a l . ,  1971) ,  i s  a  r e l a t i v e l y  
comprehensive urban s tormwater  runof f  q u a n t i t y  and q u a l i t y  p r e d i c t i o n  and 
management s i m u l a t i o n  model. I n  one of t h e  r e c e n t  SWMM m o d i f i c a t i o n s ,  a  
h y d r a u l i c  de s ign  c a p a b i l i t y  was inc luded  (Huber e t  a l . ,  1975).  
For sewer f lows cons idered  i n  t h e  Transpor t  Block p o r t i o n  of t h e  
SWMM, a  modif ied n o n l i n e a r  k inema t i c  wave approximat ion i s  used.  Con- 
t i n u i t y  equa t i on  (Eq. 3.7) and Manning's formula a r e  used w i t h  t h e  s l o p e  
assumed e q u a l  t o  t he  f r i c t i o n  s l o p e ,  and t h e  f low is  assumed t o  b e  s t e a d y  
w i t h i n  each t ime i n t e r v a l .  The c o n t i n u i t y  equa t i on  i s  expressed  i n  f i n i t e  
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d i f f e r e n c e  form, us ing  the  x-t  p lane  shown i n  Fig.  3.2 w i th  Ax = L = sewer 
l e n g t h ,  a s  fo l lows  
i n  which Q i s t h e  d i scharge ;  and A is  t h e  flow c r o s s  s e c t i o n a l  a r ea .  The 
t i m e  d e r i v a t i v e  is  weighted W a t  t h e  downstream s t a t i o n  and t h e  s p a t i a l  t 
d e r i v a t i v e  i s  weighted W a t  t h e  end of A t .  Subsequently Eq. 3.10 i s  
X 
normalized by t h e  f u l l  condui t  f low a r e a  and d ischarge  Af and Q f ,  re-  
s p e c t i v e l y .  By assuming s t eady  uniform cond i t i on  and using ~ a n n i n g ' s  
formula a  s i n g l e  curve r ep re sen t ing  t h e  r e l a t i o n s h i p  between Q / Q  and A / A  f  f  
f o r  t h e  condui t  can be e s t a b l i s h e d .  With t h i s  nondimensional discharge-  
a r e a  curve r ep l ac ing  Manning's formula and t h e  normalized (only f o r  A and Q )  
form of Eq. 3.10, numerical s o l u t i o n s  a r e  then  obta ined  wi th  known i n i t i a l  
and upstream boundary cond i t i ons  u s ing  a  four-point  i m p l i c i t  f i n i t e  
d i f f e r e n c e  scheme. 
S ince  no downstream boundary cond i t i on  is  r equ i r ed  f o r  t h e  solu-  
t i o n ,  SWMM cannot account f o r  t he  downstream backwater e f f e c t  when t h e  
sewer flow i s  s u b c r i t i c a l .  Never the less ,  t o  improve t h e  s o l u t i o n  accuracy,  
an ingenuous approximation i s  introduced.  Although t h e  Q / Q f  - A/A curve is  f  
e s t a b l i s h e d  assuming s t eady  uniform flow, i n  seek ing  t h e  s o l u t i o n  t h e  va lue  
of Qf is a c t u a l l y  computed by us ing  Manning's formula wi th  t h e  f r i c t i o n  
s l o p e  S e s t ima ted  by us ing  a  quasi-s teady dynamic-wave approximation (Yen, f  
1973a) of t h e  S t .  Venant equa t ion ,  i . e . ,  dropping t h e  l o c a l  a c c e l e r a t i o n  
term i n  t h e  S t .  Venant momentum equat ion .  Thus, u s ing  t h e  x-t p l ane  shown 
i n  Fig.  3 .2 ,  t h e  f r i c t i o n  s l o p e  f o r  Q i s  f  
The u s e  of  Eq. 3 . 1 1  t o  e s t i m a t e  Q p a r t i a l l y  a c c o u n t s  f o r  t h e  f  
downstream backwate r  e f f e c t  a t  some l a t e r  t ime s t e p s .  N o n e t h e l e s s ,  s i n c e  
t h e  downstream boundary c o n d i t i o n  is  n o t  t r u l y  accounted f o r ,  i t  is  
recommended i n  SWMM t h a t  f o r  a  sewer  w i t h  a  l a r g e  downstream s t o r a g e  e lement  
f o r  which t h e  backwater  e f f e c t  i s  s e v e r e ,  t h e  w a t e r  s u r f a c e  i s  assumed a s  
h o r i z o n t a l  from t h e  s t o r a g e  e lement  going backward u n t i l  i t  i n t e r c e p t s  t h e  
sewer i n v e r t .  Moreover, when t h e  sewer s l o p e  i s  s t e e p ,  presumably implying 
h i g h  v e l o c i t y  s u p e r c r i t i c a l  f low,  t h e  f l o o d  may s imply  b e  t r a n s l a t e d  th rough  
t h e  sewer  w i t h o u t  r o u t i n g .  Also ,  i f  t h e  backwate r  e f f e c t  i s  e x p e c t e d  t o  b e  
s n a l l  and t h e  sewer is  c i r c u l a r  i n  c r b s s  s e c t i o n ,  t h e  g u t t e r  f low r o u t i n g  
nethod may be a p p l i e d  t o  t h e  sewer  a s  an approx imat ion .  IJo h y d r a u l i c  jump 
o r  d rop  i s  c o n s i d e r e d  w i t h i n  a  sewer .  
In SWMM l a r g e  j u n c t i o n s  w i t h  s i g n i f i c a n t  s t o r a g e  c a p a c i t y  and 
s t o r z g e  f a c i l i t i e s  a r e  c a l l e d  s t o r a g e  e l e m e n t s ,  e q u i v a l e n t  t o  t h e  c a s e  w i t h  
j u n c t i o n  s t o r a g e  ( i . e . ,  d s / d t  # 0) d i s c u s s e d  e a r l i e r  f o r  t h e  k i n e m a t i c  wave 
mcdel.  Only t h e  c o n t i n u i t y  e q u a t i o n  (Eq. 3.9) i s  used i n  s t o r a g e  e lement  
r c u t i n g .  No dynamic e q u a t i o n  i s  c o n s i d e r e d  e x c e p t  f o r  t h e  c a s e s  w i t h  w e i r  
o r  o r i f i c e  o u t l e t s .  S n a l l  j u n c t i o n s  a r e  t r e a t e d  a s  t h e  p o i n t - t y p e  j u n c t i o n s  ' 
w i t h  d s / d t  = 0 i n  E q .  3.9 as d e s c r i b e d  e a r l i e r  i n  t h e  k i n e m a t i c  wave model. 
I n  t h e  d e s i g n  v e r s i o n ,  s m a l l  d i a m e t e r s  a r e  f i r s t  assumed f o r  t h e  
sewers  t h a t  would e n s u r e  f u l l  p i p e  f low.  The s i z e  of t h e  sewer i s  t h e n  
i n c r e a s e d  a d  t h e  computat ion i s  r e p e a t e d  u n t i l  f r e e - s u r f a c e  f low o c c u r s .  
T h i s  s m a l l e s t  commercial p i p e  g i v i n g  f r e e - s u r f a c e  f low i s  t h u s  adopted a s  
t h e  sewer  s i z e .  The sewers  a r e  des igned  f o l l o w i n g  a  d o w ~ l s t r e a n  c a s c a d i n g  
sequence ,  t h e  same as f o r  t h e  k i n e m a t i c  wave model. 
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3 .1 .7 .  I l l i n o i s  Storm Sewer System S i inu la t ion  Yodel (ISS Model) 
The ISS model (Sevuk e t  a l . ,  197'3) i s  a  h i g h l y  a c c u r a t e  s i m u l a t i o n  
model c o n s i d e r i n g  t h e  uns teady  and backwate r  e f f e c t s  i n  t h e  sewers  a s  w e l l  
Time, t 
a s  t h e  e f f e c t s  of j u n c t i o n s  and manholes. The model. can b e  used f o r  
d e s i g n  of sewer s i z e s  a s  w e l l  a s  f low p r e d i c t i o n .  Only t h e  d e s i g n  o p t i o n  
i s  d i s c u s s e d  h e r e .  
The t ime-varying s to rm runof f  i n  g r a v i t y - f l o w  sewers  can b e  
d e s c r i b e d  mathemat ica l ly  by t h e  S t .  Venant e q u a t i o n s  (Sevuk, 1973;  Yen, 
1973a,b)  
i n  which A ,  B ,  and h  a r e  t h e  c r o s s  s e c t i o n a l  a r e a ,  w a t e r  s u r f a c e  w i d t h ,  and 
dep th  above i n v e r t  of t h e  f low i n  t h e  sewer ,  r e s p e c t i v e l y ;  V = ? / A  i s  t h e  
mean flow v e l o c i t y ;  x is  t h e  d i s t a n c e  a l o n g  t h e  sewer ;  t i s  t i m e ;  S  i s  t h e  
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sewer s l o p e ;  and S  i s  t h e  f r i c t i o n  s l o p e  of t h e  f low.  Equa t ion  3.12 i s  f  
s imply  a  c o n t i n u i t y  e q u a t i o n  hav ing  a  d i f f e r e n t  form of Eq. 3 .7 .  The v a l u e  
of Sf can  b e  e v a l u a t e d  by u s i n g  e i t h e r  Darcy-Weisbach's formula  o r  
Manning's formula .  I n  t h e  ISS Model, Darcy-Weisbach's formula  i s  used and 
t h e  Moody diagram i s  adopted t o  g i v e  t h e  v a l u e  of t h e  Weisbach r e s i s t a n c e  
c o e f f i c i e n t  f .  
I n  s o l v i n g  Eqs. 3.12 and 3;13 f o r  s u b c r i t i c a l  f low i n  a  sewer ,  
a  downstream boundary c o n d i t i o n  i s  r e q u i r e d  which r e f l e c t s  t h e  backwater  
e f f e c t  .from t h e  downstream j u n c t i o n .  T h e r e f o r e ,  a  j u n c t i o n  dynamic e q u a t i o n  
i s  needed i n  a d d i t i o n  t o  t h e  j u n c t i o n  c o n t i n u i t y  e q u a t i o n  ( E q .  3 . 9 ) .  The 
dynamic e q u a t i o n  f o r  a  j u n c t i o n  i s  fo rmula ted  by c o n s i d e r i n g  t h e  c o n t i n u i t y  
of t h e  w a t e r  s u r f a c e  a t  t h e  j u n c t i o n .  Thus, a t  a  p o i n t - t y p e  j u n c t i o n  w i t h  
n e g l i g i b l e  s t o r a g e  
i n  which z  i s  the  e l e v a t i o n  of t h e  sewer i n v e r t  above a  re ference  h o r i z o n t a l  
datum and h i s  t h e  depth of t h e  sewer flow a t  t h e  e x i t  o r  en t rance  of t h e  
jo in ing  sewers,  and the  s u b s c r i p t s  a r e  a s  def ined  i n  Eq. 3.9. A t  a  
reservoi r - type  junc t ion  wi th  l a r g e  s t o r a g e  
For both  types of j unc t ions ,  i f  t he  inf lowing sewer has  a  drop producing a  
f r e e - f a l l  of the  f low,  then the  flow depth a t  t he  e x i t  of t h a t  sewer i s  
equa l  t o  the c r i t i c a l  depth corresponding t o  t h e  ins tan taneous  d ischarge .  
P r e s e n t l y  t h e  ISS Model cons iders  t he  d i r e c t  backwater e f f e c t s  
of only up t o  t h r e e  sewers a t  a  j unc t ion  o r  manhole. For junc t ions  o r  
manholes wi th  more than t h r e e  jo in ing  sewers ,  t h e  a d d i t i o n a l  sewers (pre- 
f e r a b l y  those wi th  smal l  backwater e f f e c t s  from t h e  junc t ion)  can be  
t r e a t e d  as d i r e c t  in f lows ,  i . e . ,  a s  Q j  i n  Eq. 3.9. 
Equations 3.12 and 3.13 appl ied  t o  each sewer coupled wi th  Eqs. 
3.9 and 3.14 o r  3.15 f o r  t he  junc t ions  and manholes can be so lved  
numerical ly  w i th  app ropr i a t e  i n i t i a l  and boundary cond i t i ons  on a  l a r g e  
d i g i t a l  computer us ing  a  f i r s t - o r d e r  c h a r a c t e r i s t i c s  method toge ther  w i th  
an overlapping segment scheme (Sevuk e t  a l . ,  1973).  The sewer system is 
subdivided i n t o  a  number of overlapping Y-segments and s o l u t i o n  i s  obtained 
through i t e r a t i o n s  t o  s a t i s f y  t h e  junc t ion  and sewer dynamic condi t ions .  
The d e t a i l e d  procedure of t h e  ISS Model f o r  sewer s i z e  design can be found 
i n  Sevuk e t  a l .  (1973) and Yen and Sevuk (1975). It i s  t h e  only 
sewer system hydrau l i c  des ign  model t h a t  accounts f o r  bo th  upstream and 
downstream backwater e f f e c t s  and au tomat ica l ly  computes t h e  r e v e r s a l  flow 
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when i t  occurs.  It is a l s o  the  only model t h a t  determines t h e  sewer dia- 
meter by maximum flow depth r a t h e r  than maximum discharge .  A comparison 
of t h e  design of a  hypo the t i ca l  14-pipe sewer system f o r  t h e  ISS, EPA SWMM, 
Kinematic wave, TRRI,, Chicago hydrograph, and s teady  flow methods has  been 
presented elsewhere (Yen and Sevuk, 1975).  
3 . 2 .  Design Optimizat ion Models 
With t h e  advancements i n  computer technology and ope ra t ions  research  
dur ing  the  p a s t  q u a r t e r  of a  century ,  i t  is  l o g i c a l  t h a t  a t tempts  would b e  
made t o  achieve opt imiza t ion  i n  sewer design cons ider ing  t h e  sewers as a 
system. I n  t h e  pas t  decade s e v e r a l  pub l i ca t ions  have appeared dea l ing  with 
opt imal  design of sewer systems on t h e  b a s i s  of l e a s t  cos t .  L inear  o r  
nonl inear  c o s t  formulas were used which can be  solved by us ing  a v a i l a b l e  
s tandard  computer a lgori thms.  These s t u d i e s  can be  c l a s s i f i e d  a s  (a )  optimiza- 
t i o n  f o r  des ign  of sewer s lopes  and s i z e s  wi th  predetermined l a y o u t ;  (b) op t i -  
miza t ion  f o r  des ign  of sewer system l a y o u t ;  (c )  op t imiza t ion  f o r  design of 
sewer l ayou t ,  s l o p e s ,  and s i z e s  s imult~aneously;  and (d) op t imiza t ion  f o r  sewer 
s i z e  only,  b u t  inc luding  o t h e r  components of t h e  o v e r a l l  d ra inage  system such 
as t rea tment  f a c i l i t i e s .  The important f e a t u r e s  of t h e  major l e a s t - c o s t  sewer 
system des ign  models a r e  summarized i n  Table 3 . 2 .  
3.2.1. Models f o r  Least-Cost Design of Sewer Slopes and S i z e s  
Most of t h e  models r epo r t ed  i n  t h e  l i t e r a t u r e  f o r  l e a s t - c o s t  des ign  
a r e  d i r e c t e d  a t  t h e  de te rmina t ion  of sewer s i z e s  arid s l o p e s  of a system with a 
s p e c i f i e d  l ayou t .  This  group of models i nc lude  t h e  t h i r d  t o  t h e  t w e l f t h  
models l i s t e d  i n  Table 3 . 2 .  A l l  b u t  one use Manning's formula t o  determine 
p ipe  s i z e ,  ignor ing  unsteady e f f e c t s  on t h e  flow and u t i l i z i n g  no hydrograph 
rou t ing .  Often t h e  sewer s l o p e  i s  expressed i n  terms of t he  upstream and 
downstream i n v e r t  e l e v a t i o n s  and t h e  given sewer l eng th .  
Holland (1966) developed a  model f o r  s e l e c t i n g  sewer diameters  
and s o i l  cover depths t o  minimize t h e  c o s t  of a  sewer system wi th  a  given 
l ayou t  s a t i s f y i n g  convent ional  des ign  c o n s t r a i n t s  and assumptions. I n  
t h i s  model t he  o b j e c t i v e  is t o  minimize 
COST = 1 2 ( C ~ T + C ~ X ~ + C ~ ) L ~ +  1 Cd(Ei - E.) (3.16) 
commercial P l  manholes J 
s i z e  p ipes  
s u b j e c t  t o  
i n  which C C and C .  a r e  c o s t  c o e f f i c i e n t s  of m a t e r i a l s ,  excavat ion ,  p' cx' 0  J 
l ay ing  t h e  p ipe  i n  p l ace ,  and manholes, r e spec t ive ly ;  di, Xi, and Soi a r e  
t he  diameter ,  average depth,  and s lope  of t h e  i - t h  sewer,  r e s p e c t i v e l y ;  
- E .  is t h e  drop i n  p ipe  e l e v a t i o n  between t h e  manholes; z  is i n v e r t  Ei J i 
depth; z  i s  t h e  minimum cover depth;  V .  denotes  sewer flow v e l o c i t y ;  Q i s  C 1 i 
flow r a t e ;  n  i s  Manning's roughness f a c t o r ,  K is a  cons tan t  which depends 
on t h e  measurement u n i t s  i n  which t h e  v a r i a b l e s  a r e  given;  and a i s  a  
shape f a c t o r  t h a t  r e l a t e s  t h e  a r e a  t o  t he  nominal dimension of t h e  pipe.  
TABLE 3 . 2 .  S ummary Leas t-Cos t Sewer System Design Models 
Coneideratian of 
-. -. - - - - - - - - - - -
Optimization Variables Sewer f l w  commercial pipe 
3 d e l  Form of techdaue Desim Decision State  hydraulics diameters cost function Ramarks 
Liebman Heuristic pro- L a p u t s  
(1967) cedure 
Lovaley Uetwrk tbcory Layout 
(1973) procedure 




N /A MIA Ignorsd. Yes Any form of Begins with a t r i a l  layout 8nd at- 
(fixed f l w  cost function tempts to  find cheaper layout.. All 
assumed i n  
each pipe 
pipe d i m  are fixed. 
Fl /A N I A  Ignored. Yes, but cannot Nonlinear Optimization based on concept of 
(fixed flow wnsider network trunk. where a trunk i s  that 
assumed i n  multiple pipe chain i n  a rooted spanning t ree  
each pipe) s izes  having the largest  excavation and 
pipe cost. 
, Bollmd Yonlinear M m  snd depth Size and in- RIA Warming's D i m  are, wn- Nonlinear Suggest a rcmdom search as means of 
(1966) separable pro- of sewers for  ve r t  eleva- formula tinuoua and select ing commercial pipe sizes. 
8 r d 8  given layout t ion of pipes rounded up to  
c-rcial s izes  
b l ~  I. 







Dynamic pro- , M m  rmd depth 





f o r  given lay- 
out 
Dynmic pro- Mam and depth 
g r d n g  of severs, 
location of 
pumps fo r  given 
layout 
Size, slope. 
and depth of 
pipes 
b ~ ~ l i ~ ' ~  Pas Linear and Conceptual mde l  intended as a long 
f onoula nonlinear range planning tool. Never pro- 
gratmned or  verified. 
DeiniDger Linear pro- Diam and invert  S i re  md invert NIA Manning ' s 
(1970) graming elevations of elevation of fonoula 
severs f o r  pipes 
given layout 
lkredi th Dgnadc pro- Mam and depth Drop in eleva- Invert Ihrming's 
(1971) sr- of s-rs f o r  t ion across elevations formula 
given layouts pipe 
Dajmi Convex separ- Dim and depth 
and able pro- of sewern f o r  
kmmz11 g r d n g  cmd given layout 
(1971) random 
sawl ing  
l l e r r i t t  Dynamic pro- Mam and depth 
a d  gr-8 of sewers and 
Bogan p u q  stat ions 
(1973) fo r  given 
layout 
Tro decision U /A 
variables: 







Pipe mizen and Pipe sizen 
exis t ing in- and invert 
ver t  elevation elevations 




Uanuing's Dim are contin- 
formula uoua then uae 
Bolland's random 
sanpling approach 
to select  cow 
merciai s izas  
Manning ' a Yes 
f o m l a  
Linear and Based on Voorheea .model, select  the 
nonlinear least-cost a l ternat ive for  each 
succeeding l ink and carr ies  tha t  
single al ternat ive foruard a~ the 
o p t h a l .  
Linear Limited to  nonbrcmching systems. 
Sow constraints a re  nonlinear which 
a re  linearized by successive approx- 
imations . 
Linear and l o r  nonbranching a y a t c a  only. Two 
nonlinear, can approachen of handling mauholcs: 
incorporate all pipen conmeting t o  apnholc are  
other fo rm of a t  the same elevation, or  relaxa- . 
cost function tion of th i s  elevation conatralnt. 
Quadratic Use equations fo r  cost of excava- 
tion and pipe component developed 
by multiple regrassion. 
Any form of Two hydraulic mdels:  (a) conven- 
cost function t ional  Ikinning's formula f o r  which 
limiting slopes a re  s e t  by ful l -  
pipe flow conditions. (b) kuming's 
f o d a  i n  which specified maximum 
and minimum velocities a re  met a t  
- actual depths fo r  design f l w r a t e s .  
TABLE 3 .2 .  (Continued) 
Consideration of 
Opt i r iza t ion Variables Sewer flow c-ercial pipe Form of 
Cddel technique Design Decision S t a t e  hydraulics diameters cost  function Remarks 
Dajlml -vex separ- Mam and depth 
and ab le  mixed of sewers f o r  
aaSi  t in t ege r  prc- given layout 
(1974) g r d -  
Froise, D y n J c  pro- Diam and deptb Pipe s izes .  Inver t  
Burges, g r m  of severs,  s lopes ,  l i f t  e levat ions  
and pump s t a t i o n  s t a t i ons ,  
Bogan capaci t ies ,  s torage vol- 
(1975) l i f t  heights,  ms ,  and 
r e  tent ion n a d n u m  dis- 
basin con- charges 
f igurat ions  
and volums 











s t e t t e r ,  
Bogel, 






I l a r b  . 
1974) 
Bcur ia t ic  
search prc- 
cedure. 
sho r t e s t  
SP-g 
t r e e  and 
sho r t e s t  
path through 




~ a y o u t  and U/A 
sRier d i m  
t o  l imi ted 
eztent  
Mam and depth Upstream m d  Inver t  
of sewers and dametream eleva- 
layout to a i nve r t  eleva- t i ons ,  
very l imi ted t ions  and connect- 
extent drainage i v i t y  
di rect ions  
Dynamic p r w  Sewer d i m .  
g r d n g  regula tors ,  
f m d i f i e d  trea-nt 
gradient p lants ,  and 
tedmique) storage 




Linear pro- Optimal oper- 
gr-ng a t ing policy, 
sever d im.  
storage tank 
s i ze s  w d  
t r e a m n t  
plant s i ze s  
Pipe s i ze s ,  
s torage s izes .  
regula tor  
s izea  
Pipe s i ze s ,  
s torage tank 
sizes, t r ea t -  
aen t  p l an t  
s i ze s ,  eod 
f lor -mts 
Ilanning' s Yen Piecevise Three model formulations a r e  given. 
formula l i nea r i za t ion  F i r s t  is  Dajani and &muell's and 
of Dajani and other two a r e  Dajani and Hnait 's  
GBaaell's formulated f o r  fu l lp ipe  flow and 
f 1971) cost  p a r t i a l  pipe f l w .  
functions 
Kinematic Yea Any form of Extension of the  e a r l i e r  model by 
wave o r  coat function kkrritt and Bogan (1973). In  
d y n d c  wave routing uniform f l w  is  a s s m d  a t  
routing entrance and e x i t  of each pipe. 
using Darcy- 
Yeisbach 


















Yes Any form of 
cost  function 
Yea 
Considers main and loca l  pipes. i .e.  
t he  upstream end e i t h e r  connects o r  
doesn't connect t o  a manhole. Opti- 
mization of layout determines whether 
each pipe is  loca l  or main. 
Intended f o r  optimum design and con- 
t r o l  of metropolitan wastewater 
management s y s t e m ,  primarily f o r  . 
simulation of major sewer systenm 
components, such as trunk and 
in terceptors ,  treatment p lants .  
Yes Linear The m d e l  is designed t o  be used 
in teract ively  v i t h  EPA SWlM which 
determines major arena of flooding 
and magnitudes and quant i t ies  of 
o v e r f l w  for  use on combined s w e r  
systems to screen control  a l t e r -  
natives and choose the  l e a s t  
expensive combination s a  t ha t  there  
a r e  no overflows o r  excessive 
loca l  flooding. 
The g e n e r a l i z e d  s u b s c r i p t s  i and j  r e f e r  t o  u p s t r e a m  and downstream l o c a -  
t i o n s  r e s p e c t i v e l y ,  w i t h  r e s p e c t  t o  a  p i p e .  The d e c i s i o n  v a r i a b l e s  a r e  t h e  
p i p e  s i z e s  and t h e i r  i n v e r t  e l e v a t i o n s .  The problem i s  a r r a n g e d  i n  s u c h  a  
manner t h a t  a l l  t h e  c o n s t r a i n t s  a r e  l i n e a r  i n  terms o f  e l e v a t i o n s  and t h e  
o b j e c t i v e  f u n c t i o n  i s  n o n l i n e a r  and s e p a r a b l e .  The d e s i g n  d i s c h a r g e  i n  a  
g i v e n  p i p e  i s  c o n s i d e r e d  a s  c o n s t a n t  and t h e  d i a m e t e r  i s  computed by u s i n g  
t h e  Manning f o r m u l a  assuming j u s t  f u l l  p i p e  f low.  The p i p e  d i a m e t e r s  which 
are c o n s i d e r e d  as c o n t i n u o u s  v a r i a b l e s  a r e  a r b i t r a r i l y  rounded up t o  
c o m e r c i a l l y  a v a i l a b l e  s i z e s ;  a p r o c e s s  t h a t  may r e s u l t  i n  a n o n - o p t i n a l  
s y s t e m  d e s i g n .  A  -random s e a r c h  around t h e  optimum i s  s u g g e s t e d  a s  a  means 
o f  l o c a t i n g  t h e  b e s t  s o l u t i o n  h a v i n g  commercial  p i p e  d i a m e t e r s .  
Alan  M. Voorhees and A s s o c i a t e s  (1969) p roposed  a w a s t e w a t e r  
c o l l e c t i o n  c o s t  e s t i m a t i o n  model .  T h i s  model was i n t e n d e d  t o  b e  a  l o n g  
r a n g e  p l a n n i n g  t o o l  t o  e s t i m a t e  t h e  p r e s e n t  wo,rth o f  i n v e s t m e n t  a s s o c i a t e d  
w i t h  i n s t a l l i n g  and m a i n t a i n i n g  a sewer  s y s t e m  o r  subsys t ems  t o  s e r v e  a  
p roposed  l a n d  u s e  c o n f i g u r a t i o n .  Land u s e  d a t a  i s  c o n v e r t e d  i n t o  e x p e c t e d  
wastewater f l o w s  which a r e  used  by t h e  n o d e l  t o  p r o j e c t  t h e  minimum c o s t  
o f  s a t i s f y i n g  demands f o r  e a c h  segmenE of a  s y s t e m  u s i n g  a  dynamic pro-  
gramming a l g o r i t h m  t o  d e t e r m i n e  o p t i m a l  s i z e s ,  s l o p e s  and i n v e r t  e l e v a t i o n s  
o f  t h e  s e w e r  p i p e s .  At i n t e r i o r  nodes  ( j u n c t i o n s )  o f  t h e  sewer s y s t e n  
( t r e e ) ,  t h e  s u b t r e e  c o s t  o f  a l l  nodes  f o r  f e a s i b l e  e l e v a t i o n s  and p i p e  
s i z e s  are d e f i n e d  by  t h e  f u n c t i o n a l  e q u a t i o n  
where  t . ( d , z )  i s  t h e  o p t i m a l  s u b t r e e  c o s t  of  node j  a t  d e p t h  z and p i p e  
J 
\ 
s i z e  d ;  I .  is node j ' s  s e t  o f  c o n n e c t i n g  n o d e s ;  k i s  an i n d e x  of  f e a s i b l e  
J 
depth-pipe  s i z e  combinat ions;  K .  is t h e  s e t  of f e a s i b l e  depth-pipe  s i z e  
1 
combinat ions  a t  node i; and a k ( i , j )  i s  t h e  c o s t  of connec t ing  node i a t  
d e p t h  zk by a p i p e  of d i a m e t e r  d k  t o  node j a t  ( o r  above) d e p t h  z  and 
s i z e  d  . The o u t p u t  of t h e  model i n c l u d e s  t h e  cover  dep th ,  s l o p e ,  and s i z e  o f  
each  p i p e  i n  t h e  sys tem;  l o c a t i o n s  o f  pumps; and t o t a l  p r e s e n t  worth  of t h e  
sys tem i n c l u d i n g  maintenance and o p e r a t i o n  c o s t s .  The Voorhees model was 
developed i n  some d e t a i l s  b u t  was n e v e r  programmed o r  v e r i f i e d .  
Zepp and Leary (1969) developed a sewer c o s t  e s t i m a t i o n  computer 
program t h a t  was p a t t e r n e d  somewhat a f t e r  t h e  Voorhees model. T h e i r  model 
i n c o r p o r a t e s  a  l i m i t e d  o p t i m i z a t i o n  p rocedure  i n  t h a t  i t  s e l e c t s  t h e  least 
Cost a l t e r n a t i v e  f o r  each  succeed ing  p i p e  d u r i n g  t h e  d e s i g n  and c a r r i e s  t h a t  
a l t e r n a t i v e  forward as t h e  op t imal  f o r  t h e  system. De in inger  (1970) 
fo rmula ted  a l i n e a r  programming model f o r  t h e  minimum c o s t  d e s i g n  of sewer 
sys tems assuming t h e  e x c a v a t i o n  and sewer c o s t s  t o  b e  l i n e a r .  T h i s  formu- 
l a t i o n  r e s u l t s  i n  some of  t h e  c o n s t r a i n t s  b e i n g  n o n l i n e a r  which are 
t ransformed i n t o  l i n e a r  c o n s t r a i n t s  by s u c c e s s i v e  approximat ions .  
Meredi th  (1971) developed a dynamic programming model t o  de te rmine  
t h e  components o f  minimum c o s t  non-branching sewer sys tems i n  which o n l y  
commercially a v a i l a b l e  p i p e  s i z e s  were cons idered .  A s i m p l i f i e d  approach 
and a more r e a l i s t i c  approach were each  cons idered .  The s i m p l i f i e d  
approach assumes t h a t  t h e  i n v e r t  a t  t h e  e x i t  of t h e  o u t f l o w i n g  sewer is a t  t h e  
same e l e v a t i o n  as t h e  i n v e r t  a t  t h e  e n t r a n c e  of t h e  i n f l o w  sewer j o i n i n g  
a t  t h e  same manhole. The more r e a l i s t i c  approach r e l a x e s  t h i s  c o n s t r a i n t .  
For t h e  s i m p l i f i e d  approach each  s t a g e  r e p r e s e n t s  a  p i p e  p l u s  t h e  down- 
s t r e a m  manhole. The i n p u t  and o u t p u t  s tates a t  each  s t a g e  i r e p r e s e n t  t h e  
i n v e r t  e l e v a t i o n s  a t  t h e  upst ream and downstream ends  o f  each  p i p e .  The 
d e c i s i o n  a t  each s t a g e  r e p r e s e n t s  t h e  d rop  i n  e l e v a t i o n  between t h e  two 
ends  o f  t h e  p i p e .  For t h e  more r e a l i s t i c  approach,  each  s t a g e  r e p r e s e n t s  
a  s i n g l e  component (manhole o r  p i p e )  of t h e  system. The d e c i s i o n  i s  t h e  
drop i n  e l e v a t i o n  f o r  each s t a g e .  The r e c u r s i v e  e q u a t i o n  f o r  t h e  stage-by- 
s t a g e  o p t i m i z a t i o n  from upst ream t o  downstream i s  s t a t e d  as 
where F . ( S . )  r e p r e s e n t s  t h e  minimun c o s t  of t h e  sewer s y s t e E  through s t a g e  i 
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and Fo(So) = 0. The r e t u r n ,  r a t  each s t a g e  f o r  t h e  s i m p l i f i e d  approach i ' 
i s  t h e  c o s t  of i n s t a l l a t i o n  of t h e  p i p e  and t h e  downstream manhole. For che 
more r e a l i s t i c  approach,  t h e  r e t u r n  i s  t h e  c o s t  of i n s t a l l a t i o n  of e i t h e r  
t h e  p i p e  o r  t h e  manhole. A  comparison of t h e s e  approaches  u s i n g  a  c o s t  
f u n c t i o n  proposed by Alan M. Voorhees and A s s o c i a t e s  (1969) i l l u s t r a t e d  t h a t  
a l lowing  a  drop a c r o s s  a  manhole r e s u l t s  i n  much cheaper  sewer sys tem 
d e s i g n s .  
Another a p p l i c a t i o n  of dynamic p r o g r a m i n g  t o  t h e  op t imal  d e s i g n  
of sewer sys tems i s  r e p o r t e d  by M e r r i t t  and Bogan (1973) .  I n  t h i s  model 
t h e  s t a g e s  a r e  manholes;  t h e  s t a t e  v a r i a b l e s  a r e  p i p e  s i z e s  and i n v e r t  
e l e v a t i o n s ;  and t h e  d e c i s i o n  v a r i a b l e s  a r e  t h e  p i p e  s i z e s  and t h e  e x i s t i n g  
i n v e r t  e l e v a t i o n  a t  t h e  manhole. The t r a n s f o r m a t i o n  between s t a g e s  i s  
g iven  by t h e  Manning formula .  S i m i l a r  t o  M e r e d i t h ' s  model,  t h e  stage-by- 
s t a g e  r e c u r s i v e  o p t i m i z a t i o n  procedes  from t h e  upst ream t o  t h e  downstream 
end ~ f  t h e  sewer system. Drop manholes a r e  cons idered  when t h e  maximum 
a l l o w a b l e  v e l o c i t y  c o n s t r a i n t  i s  exceeded. Also when a g r a v i t y  f low 
s o l u t i o n  v i o l a t e s  t h e  maximum depth  c o n s t r a i n t ,  a  pumping s t a t i o n  i s  added. 
S i m i l a r  t o  t h e  o t h e r  d y n a i i c  programming a p p l i c a t i o n s ,  t h i s  mcdel c c n s i d e r s  
commercial p i p e  s i z e s .  
D a j a n l  and Gemrnell (1971) developed m u l t i p l e  r e g r e s s i o n  e q u a t i o n s  
f o r  the  c o s t  of t h e  e x c a v a t i o n  and p i p e  components based  upon c u n s t r u c t i o n  
b i d d i n g .  The r e s u l t i n g  g e n e r a l  form of t h e  c o s t  f u n c t i o n  i s  
where C is  the  i n s t a l l a t i o n  cos t  p e r  f o o t  of sewer; d  is  t h e  sewer diameter ;  
X i s  the  average depth of excavat ion;  and a ,  b ,  and c  a r e  t h e  r eg re s s ion  
c o e f f i c i e n t s  . Based upon t h i s  c o s t  func t ion ,  an o v e r a l l  non l inea r  o b j e c t i v e  
func t ion  was formulated a s  
where C i s  t h e  t o t a l  cos t  of t he  p ipe  o r i g i n a t i n g  from node i; n i s  
t i  
Manning's roughness f a c t o r  ; K i s  the  measurement u n i t  .constant  , i n  Manning's 
2  formula as  def ined  i n  Eq. 3.17; K = Q/d V; Qdi i s  t h e  average d a i l y  f low; 1 
'oi is  t h e  s lope  of p ipe  i; and Li i s  t h e  l eng th  of p ipe  i. By s u b s t i t u t i n g  
i n  equat ions  f o r  t h e  s lope  and depth of excavat ion ,  Eq. 3.21 i s  reduced t o  
con ta in  two dec i s ion  v a r i a b l e s  which a r e  t h e  summation o f ,  and t h e  
d i f f e r e n c e  between, t he  upstream and downstream i n v e r t  e l e v a t i o n s  of each 
p ipe  i n  t h e  sewer network. It i s  i n t e r e s t i n g  t o  no te  t h a t  t he  diameter  
has  been e l imina ted  a s  a  dec i s ion  v a r i a b l e  because of r e l a t i o n s h i p  f o r  t h e  
average d a i l y  flow. S ix  l i n e a r  c o n s t r a i n t s ,  inc luding  t h e  minimum al lowable 
d iameter ,  t he  minimum and maximum v e l o c i t y  l i m i t s ,  t h e  minimum pipe  cover ,  
and diameter  and i n v e r t  e l e v a t i o n  progress ion  c o n s t r a i n t s ,  were formulated 
i n  terms of t h e  two dec i s ion  va r i ab l e s .  Convex sepa rab le  programming was 
used t o  s o l v e  t h i s  model and Planning's formula was used t o  so lve  f o r  t he  
diameter.  This  procedure assumes t h a t  sewer p ipes  a r e  a v a i l a b l e  i n  any 
t h e o r e t i c a l  s i z e  s o  they  recommend the  use of Holland 's  random sampling 
approach t o  s e l e c t  commercially a v a i l a b l e  s i z e s .  
Dajani and Has i t  (1974) have extended t h e  model of Dajani  and 
Gemmell t o  account f o r  d i s c r e t e  p ipe  s i z e s .  The non l inea r  o b j e c t i v e  
f u n c t i o n ,  Eq. 3 .21,  i s  l i n e a r i z e d  us ing  p i e c e w i s e  l i n e a r i z a t i o n  which adds 
s i x  sets o f  p i e c e w i s e  approximat ion c o n s t r a i n t s  f o r  each  p i p e  i n  t h e  sewer 
network. I n  a d d i t i o n  two sets o f  c o n s t r a i n t s  hav ing  0-1 i n t e g e r  v a r i a b l e s  
are added t o  t h e  f o r m u l a t i o n  t o  o b t a i n  commercially a v a i l a b l e  p i p e  s i z e s .  
These c o n s t r a i n t s  complete  t h e  f o r m u l a t i o n  a s  a  convex-separable ,  mixed- 
i n t e g e r  programming problem, hav ing  t h e  con t inuous  v a r i a b l e s  of e x c a v a t i o n  
dep ths  and i n t e g e r  v a r i a b l e s  w i t h  a t o t a l  of 1 4  c o n s t r a i n t s  f o r  each p i p e  
i n  t h e  network. Three  model f o r m u l a t i o n s  were  compared. The f i r s t  is  
D a j a n i  and Gemmell's (1971) model c o n s i d e r i n g  a con t inuous  range  of 
d i a m e t e r s  and i s  fo rmula ted  assuming f u l l  p i p e  flow. The second model 
d e a l s  w i t h  d i s c r e t e  commercial p i p e  s i z e  f o r  p a r t i a l l y  f i l l e d  p i p e  flow. 
The t h i r d  model is a combinat ion of t h e  f i r s t  two models fo rmula ted  f o r  
f u l l  and p a r t i a l l y  f i l l e d  f lows i n  commercial s i z e  p i p e s .  
F r o i s e ,  Burges,  and Bogan (1975) r e c e n t l y  proposed a model t o  
de te rmine  l e a s t - c o s t  s t r a t e g i e s  f o r  sewer sys tem d e s i g n  u s i n g  dynamic pro- 
gramming i n  c o n j u n c t i o n  w i t h  a h y d r a u l i c  s i m u l a t i o n  model. T h i s  model i s  
an  e x t e n s i o n  of t h e  e a r l i e r  model developed by Merritt and Bogan (1973) 
f o r  which each s t a g e  is  r e p r e s e n t e d  by a node i n  t h e  network.  A t  each 
s t a g e  of t h e  sys tem t h e  s t a t e  v a r i a b l e s  a r e  t h e  hydrographs ,  s t o r a g e  
volumes, p i p e  s i z e s ,  pump s t a t i o n  c a p a c i t i e s ,  i n v e r t  e l e v a t i o n s  and s o l u -  
t i o n  c o s t s .  The c o n t r o l  o p t i o n s  o r  v a r i a b l e s  a r e  maximum d i s c h a r g e s ,  p i p e  
s i z e s  and s l o p e s ,  l i f t  s t a t i o n s ,  and s t o r a g e  volumes. Each p i p e  s i z e  i s  
o n l y  c o n s i d e r e d  a t  one s p e c i f i c  s l o p e  f o r  each s ta te  and f o r  each q u a n t i z e d  
inc rement  of f low. Th is  s l o p e  i s  t h e  one t h a t  r e s u l t s  i.n t h e  c o n d u i t  
f lowing  f u l l  a t  t h e  maximum d i s c h a r g e ,  o r ,  i f  t h i s  d e c i s i o n  v i o l a t e s  t h e  
minimum v e l o c i t y  c o n s t r a i n t ,  t h e  s l o p e  t h a t  r e s u l t s  i n  t h e  minimum allow- 
a b l e  v e l o c i t y  o f  f low i s . u s e d .  When a s o l u t i o n  v i o l a t e s  t h e  downstream 
cover  depth c o n s t r a i n t s ,  s o l u t i o n s  which inc lude  drop s t r u c t u r e s  o r  pump 
s t a t i o n s  a t  t h e  upstream junc t ion  a r e  s e l e c t e d .  When t h e  opt imiza t ion  
phase has been completed a t  each s t a g e  t h e  i n l e t  hydrograph i s  routed t o  
t he  next  downstream s t age .  E i t h e r  t h e  kinematic  wave o r  t h e  dynamic wave 
equat ions  a r e  used f o r  rou t ing  by an i m p l i c i t  numerical scheme. The 
s e l e c t i o n  of rou t ing  model i s  based upon the  p ipe  diameter  and s lope .  Uni- 
form flow condi t ions  a r e  assumed a t  t h e  upstream and downstream ends of 
each p ipe .  
3.2.2. Models f o r  Least-Cost S e l e c t i o n  of Sewer System Layouts 
The f i r s t  formal approach t o  t he  l e a s t - c o s t  s e l e c t i o n  of t h e  lay-  
ou t  f o r  sewer systems is  a s tudy  by Liebman (1967). A h e u r i s t i c  procedure 
was developed which uses  a simple sea rch  method f o r  seeking improved l ayou t s  
i n  g r a v i t y  flow sewer systems. This  method begins with a des igner  s e l e c t e d  
t r i a l  l ayou t  and a t tempts  t o  f i n d  l ayou t s  having s m a l l e r ' t o t a l  c o s t s .  The 
sewer diameters  a r e  assumed t o  b e  f ixed  and t h e  b e s t  l ayou t  i s  found by t h e  
sea rch  procedure. A t  each s t e p  of t h e  procedure one branch of t h e  network 
i s  changed. The change i s  r e t a i n e d  i f  i t  r e s u l t s  i n  a decrease  i n  t h e  t o t a l  
cos t .  A major drawback wi th  t h i s  method is  t h a t  f i x e d  va lues  of d i scharge  
a r e  assumed f o r  each p ipe  of t h e  system, ignor ing  t h e  hydrau l i c s  of t h e  
sewer network. 
Another layout  model was proposed by Lowsley (1973) us ing  a ne t -  
work theory procedure t o  o b t a i n  a l ayou t  g iv ing  minimum t o t a l  c o s t  of sewers 
and excavat ion.  The algori thm i s  an  i m p l i c i t  enumeration process  based on 
the  concept of a network t runk ,  where a t runk  is  def ined  a s  t h a t  cha in  i n  
a rooted spanning t r e e  having t h e  l a r g e s t  excavat ion  and p ipe  c o s t .  Like 
Liebman's model, t h e  sewer diameters  a r e  assumed unchanged and t h e  
hydrau l i c s  of t h e  sewer flow is  ignored. Moreover, t h e  model cannot 
cons ide r  m u l t i p l e  p ipe  s i z e s ,  i n s t e a d  s p e c i f i e s  minimum and maximum s l o p e s  
f o r  s i n g l e  p ipe  s i z e s .  
3.2.3. Models f o r  Least-Cost Design of Sewer S lopes ,  S i z e s  and Layout 
Simultaneous op t imal  design of t h e  s i z e s ,  s l o p e s  and l ayou t  of 
t h e  sewers i n  a  sewer system i s  a more complicated t a s k  t han  t h e  opt imal  
des ign  f o r  on ly  t h e  s i z e s ,  t he  l ayou t ,  o r  t he  s i z e s  and s lopes .  Only two 
s t u d i e s  have r e c e n t l y  been r epo r t ed  on l i m i t e d  scopes of  t h e  s imultaneous 
op t imal  des ign  problem. Barlow (1972) proposed a  h e u r i s t i c  s ea rch  
procedure which chooses t he  major t runk  sewers and then uses  t h e  s h o r t e s t -  
path-through-many-points technique and t h e  shor tes t - spanning- t ree  technique 
t o  determine t h e  f i n a l  l ayou t  and t h e  sewer d iameters  t o  a  l i m i t e d  e x t e n t .  
The sewer s l o p e  i s  i m p l i c i t l y  inc luded  by r e s t r i c t i n g  i t  w i t h i n  a  
s p e c i f i e d  maximum and minimum and w i t h i n  t h i s  range us ing  t h e  s l o p e  com- 
puted by ~ a m i n g ' s  formula t h a t  g ives  j u s t  f u l l  p ipe  f low f o r  t h e  sewer 
diameter .  
Another model proposed by Argaman, Shamir, and Spivak (1973) 
u s ing  dynamic programming cons iders  bo th  l o c a l  p ipes  which s t a r t  nex t  t o  a  
manhole b u t  do n o t  connect t o  i t  and main p ipes  which l e a d  ou t  of a  node 
(manhole). Both l o c a l  and main p ipes  c o l l e c t  l o c a l  d ra inage  along 
t h e i r  rou t e s .  The op t imiza t ion  of t h e  l ayou t  on ly  determines whether each 
p ipe  i s  a  l o c a l  o r  main p ipe .  The model is  formulated t o  minimize ove r  
t he  connec t iv i t y  of t h e  network and t h e  i n v e r t  e l e v a t i o n s  of each p ipe .  
The o b j e c t i v e  func t ion  i s  s t a t e d  a s  
T.) + 1 (cdi(di)1 (3.22) f i n  [ 1 (Cpi(di9HUi9Hdi.1 
T . , H u i 9 H d i  1 a l l  p ipes  a l l  drops 
i n  which T = 1 when p ipe  i is  a main p ipe  and T = 0 f o r  l o c a l  p ipes ;  i i H u i  
and H a r e  t h e  upstream and downstream i n v e r t  e l e v a t i o n s ,  r e s p e c t i v e l y ,  d  i 
of p ipe  i; d.  i s  the  diameter of p ipe  i; i s  t h e  c o s t  of p ipe  i; and Cdi 
1 
i s  t h e  cos t  of t he  drop s t r u c t u r e  a t  t h e  end of p ipe  i. The independent 
dec is ion  v a r i a b l e s  a r e  t h e  dra inage  d i r e c t i o n s  of a l l  nodes and upstream 
and downstream i n v e r t  e l eva t ions  of a l l  p ipes .  The system i s  d iv ided  i n t o  
s t a g e s  by i sonodal  l i n e s  ( c a l l e d  dra inage  l i n e s  by Argaman e t  a l . ,  1973) 
which a r e  t h e  imaginary l i n e s  pass ing  through a l l  nodes having the  same 
l i nk -d i s t ance  from t h e  o u t l e t .  A l l  nodes on i sonoda l  l i n e  n can d r a i n  
only t o  nodes on l i n e  n+l. The r ecu r s ive  equat ion  f o r  t he  stage-by-stage 
dynamic programming opt imiza t ion  i s  
* n+l i n  which F (H ) i s  the  minimum cos t  of t he  system from isonodal  l i n e s  
n+l  
.EC n+l 
1 t o  n+l;  fi[H:,H , ~ ( i , n + l ) l  is  t h e  cos t  of t h e  cheapes t  f e a s i b l e  p ipes  
between node i on l i n e  n and the  nodes on l i n e  n+l;  Hn ,Hn+' a r e  vec to r s  of 
n  quant ized node e l e v a t i o n s  on i sonodal  l i n e s  n and n+l;  H .  i s  the  e l e v a t i o n  
1 
of node i on i sonodal  l i n e  n ;  and T( i ,n+l )  i s  the  vec to r  of connec t iv i ty  
between node i on i sonodal  l i n e  n and nodes on l i n e  n+l. A l a r g e  sewer 
system must be decomposed i n t o  sma l l e r  subsystems which a r e  optimized 
s e p a r a t e l y  and then recombined. This  technique is  n o t  p r a c t i c a l  a t  t h e  
p r e s e n t  due t o  l i m i t a t i o n s  i n  computer s i z e  and computation time. 
3.2.4. System Optimization Models f o r  Design of Sewer S izes  
The opt imiza t ion  models t h a t  determine only t h e  s i z e  of sewers 
wi th  s p e c i f i e d  sewer layout  and s lopes  a c t u a l l y  a r e  models intended t o  
achieve opt imiza t ion  cons ider ing  no t  only the  sewers i n  the  system bu t  
a l s o  o t h e r  components i n  t h e  o v e r a l l  urban d r a i n a g e  system,  a concept  t h a t  
h a s  been d i s c u s s e d  a t  t h e  beg inn ing  of Chapter  2.  unders tandab ly ,  because  
of t h e  l i m i t a t i o n s  o f  e x i s t i n g  computers,  t h e  two models t h a t  have been 
proposed and l i s t e d  a t  t h e  end of Tab le  3.2 c o n s i d e r  c o n j u n c t i v e l y  on ly  
t h e  s e l e c t e d  subsystems of  t h e  o v e r a l l  urban d r a i n a g e  system and d e s i g n  
on ly  f o r  t h e  d iamete r  of t h e  sewers .  A group of  r e s e a r c h e r s  a t  B a t t e l l e  
P a c i f i c  Northwest L a b o r a t o r i e s  (Brands t e e t e r ,  Engel ,  and Cear lock ,  1973) 
developed a model i n t e n d e d  f o r  o p t i m a l  management of urban wastewater  
, d i s p o s a l  sys tems ,  p r i m a r i l y  f o r  s i m u l a t i o n  o f  major sys tem components such  
a s  sewer t r u n k s ,  i n t e r c e p t o r s ,  and t r e a t m e n t  p l a n t s  f o r  t h e  purpose  o f  
au tomat ic  o p e r a t i o n a l  c o n t r o l  of s tormwater  r u n o f f .  For  d e s i g n  s t u d i e s  
w i t h  g i v e n  l a y o u t  and sewer s l o p e s ,  s i z e s  of sewers ,  overf low s t o r a g e  
f a c i l i t i e s ,  t r e a t m e n t  p l a n t s ,  and overf low t r e a t m e n t  f a c i l i t i e s  a r e  computed 
which minimizes t h e  c o s t  f o r  s p e c i f i e d  c o n s t r a i n t s  on t h e  q u a l i t y  of over-  
f lows and t r e a t m e n t  p l a n t  e f f l u e n t s .  The o p t i m i z a t i o n  is performed through 
a modi f i ed  g r a d i e n t  t echn ique  of dynamic programming. The f low is  r o u t e d  
through sewers  u s i n g  t h e  c h a r a c t e r i s t i c s  method a p p l i e d  t o  n o n l i n e a r  k i n e m a t i c  
wave e q u a t i o n s .  Downstream f low c o n t r o l ,  backwater ,  f l o w  r e v e r s a l ,  j u n c t i o n  
s u r c h a r g i n g  and sewer p r e s s u r i z e d  flow are n o t  cons idered .  
A group of r e s e a r c h e r s  a t  MIT developed a s c r e e n i n g  model f o r  
s tormwater  c o n t r o l  (Kirshen and Marks, 1974) which w a s  l a t e r  modif ied and 
became p r o p r i e t a r y .  The model h a s  been under c o n s i d e r a b l e  a l t e r n a t i o n  s i n c e  
i t s  i n i t i a l  development. However, t h e r e  e x i s t s  no comprehensive r e p o r t  
which d e s c r i b e s  c o l l e c t i v e l y  i n  s u f f i c i e n t  d e t a i l  t h e  model as used  f o r  
urban storrnwater d r a i n a g e  management purposes .  The v e r s i o n  t h a t  i n v o l v e s  
sewer d e s i g n  i s  a c o n j u n c t i v e  o p t i m i z a t i o n  model which c o n s i d e r s  combined 
sewers ,  d e t e n t i o n  s t o r a g e  d e v i c e s ,  and s p e c i a l  s tormwater  t r e a t m e n t  p l a n t s .  
The o b j e c t i v e  i s  t o  s e a r c h  f o r  t h e  l e a s t - c o s t  s o l u t i o n  w i t h  no overf lows o r  
e x c e s s i v e  l o c a l  f l ood ing .  Opt imiza t ion  is  pursued through a  s c r e e n i n g  
techn ique  u s ing  l i n e a r  programming. For t h e  sewer system p a r t  t h e  l a y o u t  and 
sewer s l o p e s  are predetermined and t h e  de s ign  i nvo lve s  t h e  de t e rmina t i on  of 
t h e  sewer s i z e s  t h a t  s a t i s f y  t h e  o b j e c t i v e  f u n c t i o n  and s p e c i f i e d  c o n s t r a i n t s .  
The s c r e e n i n g  model is  formulated t o  b e  used i n t e r a c t i v e l y  w i t h  EPA SWMM 
which r o u t e s  t h e  f low through sewers and de te rmines  major  a r e a s  of  f l o o d i n g  
and q u a n t i t i e s  of  overf lows.  P r ev ious ly ,  Har ley  e t  a l .  (1970) proposed a  
model t o  r o u t e  t h e  s tormwater  f low through d r a inage  systems u s ing  a n o n l i n e a r  
k inema t i c  wave scheme. L inea r  d i f f u s i o n  and dynamic wave schemes were a l s o  
d i s cus sed .  However, t h e r e  is  no publ i shed  r eco rd  t o  i n d i c a t e  t h a t  t h e s e  
h y d r a u l i c  r o u t i n g  schemes have been adopted con junc t i ve ly  w i th  t h e  opt imiza-  
t i o n  model f o r  de t e rmina t i on  of sewer d iamete rs .  
C l e a r l y ,  t h e  sewer s i z e  de s ign  models w i th  con junc t i ve  o p t i m i z a t i o n  
w i t h  o t h e r  d r a inage  f a c i l i t i e s ,  as w e l l  as t h e  op t ima l  de s ign  models f o r  l ay-  
o u t ,  s l o p e s  and s i z e s  of sewers ,  are i n  t h e i r  e a r l y  s t a g e s  of development and 
cons ide r ab l e  r e s e a r c h  e f f o r t  is  needed f o r  p r a c t i c a l  a p p l i c a t i o n .  
Chapter 4. APPLICATION OF OPTIMIZATION TECHNIQUES 
I n  t h i s  chapter  t he  op t imiza t ion  techniques adopted t o  o b t a i n  t h e  
l ea s t - cos t  design of sewer s lopes  and diameters  f o r  a  sewer system a r e  d i s -  
cussed. The c o n s t r a i n t s  and assumptions involved i n  t he  l e a s t - c o s t  
sewer design have been descr ibed  i n  Sec t ion  3.4. However, t he  c o s t  func t ions  
given i n  Eq. 2 . 1  a r e  only examples, o t h e r  c o s t  func t ions  may a l s o  be  used 
in s t ead .  
4.1. Problem Statement 
The problem under cons idera t ion  i s  how t o  determine t h e  l e a s t - c o s t  
combination of s i z e s  and s lopes  of t h e  sewers and the  depths  of t he  manholes 
f o r  a  sewer network t o  c o l l e c t  and d r a i n  the  wastewater from an urban drain-  
age bas in .  Since f o r  a  given sewer l eng th  the  s lope  depends on t h e  end 
e l e v a t i o n s  of the  sewer,  t he  design v a r i a b l e s  can be  considered a s  t h e  
diameters  and upstream and downstream end crown e l e v a t i o n s  of the  sewers and 
the  depths of t he  manholes. Given i s  a s e t  of manhole l o c a t i o n s  a t  var ious  
p o i n t s  w i t h i n  the  drainage b a s i n  wi th  t h e  network layout  connecting these  
manholes known. The design inf lows i n t o  these  manholes a r e  a l s o  pre- 
determined. The p r i n c i p a l  t a sks  i n  t h e  development and formulat ion of an 
opt imiza t ion  model f o r  t h e  design of storm sewer systems a r e  twofold. 
(a )  Representat ion of the s e t  of manholes i n  a  form s u i t a b l e  f o r  
d i g i t a l  manipulation. 
(b) Se l ec t ing  opt imiza t ion  techniques f o r  t h e  o v e r a l l  model which 
a r e  f l e x i b l e  enough t o  handle des ign  c o n s t r a i n t s  and 
assumptions, va r ious  forms of cos t  func t ions ,  r i s k  models, 
and hydrau l i c  o r  hydrologic  models, and t o  i nco rpora t e  a l l  
des ign  information.  
These p r i n c i p a l  t a sks  must be considered conjunct ive ly  t o  a r r i v e  a t  a  
s o l u t i o n  scheme t h a t  can be  cons t ruc ted  e f f i c i e n t l y  and used t o  design l a r g e  
s c a l e  sewer networks. 
Most storm sewer systems a r e  converging-branch o r  simply t ree- type 
systems, which a r e  topologica l ly  cha rac te r i zed  by 
(a)  a  r o o t  node, i . e . ,  the  o u t l e t  of t h e  sewer system; 
(b) i n t e r n a l  nodes which a r e  manholes o r  junc t ions  of sewers 
where two o r  more branches meet; 
(c )  e x t e r n a l  nodes which a r e  manholes where only one branch i s  
connected, i . e . ,  manholes where a  branch of t h e  sewer system 
begins ; 
(d) branches which l i n k  nodes without  forming closed pa ths  o r  
loops wi th in  the  network, i . e . ,  t he  sewers i n  the  system. 
The node-link (manhole-sewer) r ep resen ta t ion  of a  t y p i c a l  d e n d r i t i c  sewer 
system i s  important i n  formulat ing the  opt imiza t ion  model. 
The manner of represent ing  manholes t o  desc r ibe  t h e  sewer system 
layout  f o r  t h e  opt imiza t ion  procedures w i l l  be discussed i n  Sec t ions  4 . 3  and 
4.4. The opt imiza t ion  schemes developed i n  t h i s  s tudy do not  allow closed 
loops. Inflows a r e  permit ted a t  a l l  manholes of t h e  system; however i t  is  
no t  necessary t h a t  t h e r e  b e  an inf low t o  each manhole. This  i s  i n  
accordance wi th  design because some manholes a r e  f o r  c leaning  purposes o r  
changes i n  ground s lopes  where changes i n  p ipe  s i z e s  may r e s u l t .  
A storm sewer system may c o n s i s t  of a  l a r g e  number of sewers,  
junc t ions ,  manholes and i n l e t s  i n  add i t ion  t o  o t h e r  r egu la t ing  o r  ope ra t iona l  
devices such a s  g a t e s ,  va lves ,  we i r s ,  overflows, r e g u l a t o r s ,  and pumping 
s t a t i o n s .  These devices do have an e f f e c t  upon the  system, hydrau l i ca l ly  
d iv id ing  i t  i n t o  a  number of subsystems. However f o r  t he  sake of s i m p l i c i t y ,  
a t  the  present  s t a g e  these  s p e c i a l  devices a r e  n o t  considered i n  t h e  
opt imiza t ion  scheme. 
The b a s i c  opt imiza t ion  technique used t o  develop t h e  s torm sewer 
design models i s  d i s c r e t e  d i f f e r e n t i a l  dynamic programming (DDDP). Two 
des ign  models, each r ep resen t ing  t h e  nodes and l i n k s  of a  sewer system i n  a  
d i f f e r e n t  manner f o r  t h e  op t imiza t ion ,  have been developed. The f i r s t  model 
cons iders  t h e  sewer system as  a  n o n s e r i a l  op t imiza t ion  problem i n  which t h e  
b a s i c  s t r a t e g y  is t o  decompose t h e  converging branched sys  tem i n t o  
equiva len t  s e r i a l  subsystems f o r  s o l u t i o n .  This model has  been descr ibed  
i n  d e t a i l  by Mays and Yen (1975) so  t h a t  only a  b r i e f  d e s c r i p t i o n  is given 
i n  t h i s  r e p o r t .  The second model consi.ders t h e  sewer system as  a  s e r i a l  
op t imiza t ion  problem such t h a t  mul t i - leve l  branching sewer systems can be 
handled more e a s i l y  (Mays and Wenzel, 1977). A d e t a f l e d  d i scuss ion  of t h i s  
second model is given i n  t h i s  chapter .  
As a pre lude  t o  t h e  fol lowing d i scuss ion  of a p p l i c a t i o n s  of DDDP 
t o  t h e  design of l e a s t - c o s t  sewer systems, it is  d e s i r a b l e  t o  d e f i n e  t h e  
terms s t a g e ,  s t a t e ,  d e c i s i o n ,  r e t u r n ,  and t ransformat ion  and t o  i n d i c a t e  
t h e i r  coun te rpa r t s  i n  sewer systems. 
( a )  Stages:  A s t a g e  i s  analogous t o  a  component of t he  system; 
f o r  t h e  n o n s e r i a l  approach a  s t a g e  is a sewer p ipe  ( l i n k )  o r  
a  manhole (node),  f o r  t h e  s e r i a l  approach a  s t a g e  i s  a s e t  
of sewers a l l  l oca t ed  a t  t he  same number of l i n k s  upstream 
from t h e  o u t l e t  of t h e  system. 
(b) S t a t e s :  The s t a t e s  of a  s t a g e  r ep re sen t  t h e  v a r i a b l e s  of 
t h a t  s t a g e ;  e .g . ,  t h e  s t a t e s  a t  each sewer s t a g e  a r e  
analogous t o  t h e  crown e l eva t ions  of t h e  p ipe  o r  p i p e s ,  t he  
inpu t  s t a t e  S f o r  a  s t a g e  is t h e  crown e l e v a t i o n  of 
n  
t h e  upstream end of t h e  s t a g e ,  and t h e  output  s t a t e  i s  
n 
t h e  crown e l e v a t i o n  of t h e  downstream end of t h e  s t a g e .  
( c )  Decis ions:  The dec i s ion  D a t  each s t a g e  i s  t h e  e l e v a t i o n  
n 
drop ac ros s  t h e  s t age .  
(d) Returns: The r e tu rn  r of a  s t a g e  i s  analogous t o  t h e  cos t  of 
n 
i n s t a l l a t i o n  f o r  t h a t  s t a g e ,  and a l s o  damage cos t s  i f  considered. 
( e )  Transformation: The t ransformation funct ion  of a  s t a g e  n def ines  
the  manner i n  which an inpu t  s t a t e  is  transformed i n t o  an output  
s t a t e  by t h e  dec is ion  v a r i a b l e  given by 
No negat ive  s lope  i s  allowed i n  the  sewer system, the re fo re  a t  
- 
any s t a g e  n ,  Sn 2 S . 
n 
It should be remarked h e r e  t h a t  conventional ly i n  sewer design the  
i n v e r t  e l eva t ion  r a t h e r  than the crown e l eva t ion  i s  used i n  p ipe  design. For 
smal l  s lopes  the former is  simply the  l a t t e r  deducted by t h e  p ipe  diameter.  
There i s  no c l e a r  advantage of using the  i n v e r t  e l eva t ion  a s  many engineers 
thought. The i n v e r t  e l eva t ion  does no t  g ive  d i r e c t l y  t h e  t rench depth i n  
cons t ruc t ion  because of t h e  thicknesses of t h e  p ipe  w a l l  and of t h e  bedding. 
I n  f a c t  sometimes t h i s  is  the  source  of e r r o r  i n  cons t ruc t ion  a s  t h e  t rench 
is dug without  considering these  thicknesses of t h e  i n v e r t  and i s  measured 
erroneously. Also, using the  i n v e r t  e l e v a t i o n  i n  t h e  design,  o f t en  t h e  
checking of t he  c o n s t r a i n t  of minimum s o i l  cover requirement i s  forgot ten .  
In  jo in ing  sewers a t  a  manhole, having the  i n v e r t s  a l igned ,  though preference  
t o  crowns a l igned ,  hydrau l i ca l ly  does not  o f f e r  t he  b e s t  performance. AS 
pointed out  by Yen e t  a l .  (1974), a l ign ing  the  c e n t e r l i n e s  of t h e  jo in ing  
sewers provides an improved hydraul ic  performance. Since the re  i s  no d i f f i -  
c u l t y  i n  conversion between the  crown and i n v e r t  e l eva t ions  once t h e  diameter 
i s  known, and t h a t  the  minimum s o i l  cover depth i s  one of t h e  important design 
c o n s t r a i n t s ,  t he  crown e l eva t ion  is used because of i t s  s i m p l i c i t y  t o  b e  
adopted as t h e  s t a t e  i n  t h e  opt imizat ion.  
P r i o r  t o  d iscuss ing  t h e  n o n s e r i a l  and s e r i a l  approaches of repre- 
s e n t i n g  a  sewer network f o r  the  opt imizat ion procedure, a  b r i e f  desc r ip t ion  
of DDDP appl ied  t o  s t o m  sewer design is given i n  t h e  next  s e c t i o n .  
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4.2.  Se l ec t ion  and Descr ip t ion  of Optimization Technique - DDDP 
A review of t he  e x i s t i n g  l ea s t - cos t  sewer design methods po in t s  out  
t h e  advantages of using dynamic programming (DP) techniques over o the r  op ti- 
mizat ion techniques f o r  t he  l ea s t - cos t  design of sewer systems. The f l e x i -  
b i l i t y  of DP approacl~es t o  handle va r ious  forms of c o s t  func t ions ,  design 
c o n s t r a i n t s ,  e t c .  i s  of extreme importance. I n  add i t i on ,  f o r  the  models 
descr ibed l a t e r  i n  t h i s  r e p o r t ,  DP has been found t o  b e  s u p e r i o r  t o  o t h e r  
op t imiza t ion  techniques because of i t s  f l e x i b i l i t y  t o  i nco rpora t e  r i s k  and 
hydrau l i c  rou t ing  models. However, when DP i s  app l i ed  t o  l a r g e  systems, t h e r e  
a r e  d i f f i c u l t i e s  i n  ob ta in ing  an opt imal  s o l u t i o n  wi thout  a  cons iderable  
i nc rease  i n  computer time (Mays and Yen, 1975). The i n c r e a s e  i n  computer time 
is  even more s i g n i f i c a n t  when r i s k  and hydrau l i c  rou t ing  models a r e  incorpo- 
r a t e d  i n t o  the  opt imiza t ion  scheme. Consequently, o t h e r  techniques based upon 
DP t h a t  could poss ib ly  reduce the  computer time were inves t iga t ed .  
A s p e c i a l  type of dynamic programming, d i s c r e t e  d i f f e r e n t i a l  
dynamic programming (DDDP), has been proven t o  be  a  very e f f e c t i v e  method i n  
the  a n a l y s i s  of va r ious  types of water  resources  systems (Chow e t  a l . ,  1975). 
This method i s  ab le  t o  overcome the  ch ief  l i m i t a t i o n s  of DP, namely, t he  
number of s t a t e  v a r i a b l e s  and the  l e v e l  of d i s c r e t i z a t i o n  of t h e  s t a t e  
va r i ab l e .  In  t h e  a p p l i c a t i o n  of DP and DDDP t o  o b t a i n  l e a s t - c o s t  designs of 
branched sewer systems, t he  use of DDDP has been shown t o  be  very e f f e c t i v e  
i n  decreas ing  computation time over  t h a t  of DP (Mays and Yen, 1975). This i s  
mainly due t o  t h e  l e v e l  of d i s c r e t i z a t i o n  of t h e  s t a t e  v a r i a b l e  requi red  i n  
DP t o  ob ta in  equiva len t  r e s u l t s  us ing  DDDP . 
DDDP i s  def ined  by He ida r i  (1970) and He ida r i  e t  a l .  (1971) a s  an 
I I i t e r a t i v e  technique i n  which t h e  r ecu r s ive  equat ion  of dynamic programming 
is  used t o  search  f o r  an improved t r a j e c t o r y  among t h e  d i s c r e t e  s t a t e s  i n  
the  neighborhood of a  t r i a l  t r a j e c t o r y . "  This op t imiza t ion  procedure i s  
so lved  through i t e r a t i o n s  of t r i a l  s t a t e s  and dec i s ions  t o  f i n d  t h e  opt imal  
r e t u r n s  (minimum c o s t )  f o r  a  system s u b j e c t  t o  t h e  c o n s t r a i n t s  t h a t  the  
t r i a l  s t a t e s  and dec i s ions  should be  w i t h i n  t h e  r e s p e c t i v e  admissible  domain 
of t h e  s t a t e  and dec i s ion  spaces.  
I n  DDDP t h e  f i r s t  s t e p  i s  t o  assume a t r i a l  sequence of admiss ib le  
dec i s ions  D c a l l e d  t h e  t r i a l  po l i cy ,  and t h e  s t a t e  vec to r s  of each s t a g e  n 
n 
a r e  computed accordingly.  This  sequence of s t a t e s  w i th in  t h e  admissible  
s t a t e  domain f o r  d i f f e r e n t  s t a g e s  i s  c a l l e d  t h e  t r i a l  t r a j e c t o r y  and can be  
des igna ted  S f o r  n  = 1 ,2 , .  . . ,N where N i s  t h e  t o t a l  number of s t a g e s .  
n  
Actua l ly  f o r  a  s torm sewer system a complex network of t r a j e c t o r i e s  repre-  
s e n t i n g  t h e  upstream and downstream crown e l e v a t i o n s  of each s t a g e  a r e  formed. 
An a l t e r n a t i v e  t o  t h e  above procedure,  which can be used f o r  t h e  problem 
presented  h e r e i n ,  i s  f i r s t  t o  assume a system of t r i a l  t r a j e c t o r i e s  and then 
use i t  t o  compute the  t r i a l  po l i cy  ( i . e . ,  a  t r i a l  s e t  of dec i s ions  o r  drops 
i n  crown e l e v a t i o n s ,  Eq. 4.1). The procedure would f i r s t  spec i fy  t h e  i n i t i a l  
t r i a l  s t a t e s  f o r  t h e  f i r s t  and l a s t  s t a g e s  of t h e  e n t i r e  sewer system. This  
procedure is used t o  compute s lopes  f o r  t h e  f i r s t  t r i a l  s e t  of p ipes  based on 
which t h e  crown e l e v a t i o n s ,  and t h e  corresponding dec i s ions  f o r  each s t a g e  
of t h e  system f o r  t h e  f i r s t  t r i a l  t r a j e c t o r i e s  can be computed. 
Seve ra l  crown e l eva t ions  i n  t h e  neighborhood of a  t r i a l  t r a j e c t o r y  
can be introduced t o  form a band c a l l e d  a  "cor r idor"  around t h e  t r i a l  t r a -  
j ec to ry .  The c o r r i d o r  i s  def ined  by t h e  inpu t  s t a t e s  (crown e l e v a t i o n s  
k = 1 , 2 ,  ... a t  t h e  upstream end of t h e  s t a g e )  and t h e  output  s t a t e s  (crown 
e l e v a t i o n s  j = 1 , 2 ,  ... a t  t h e  downstream end of t h e  s t a g e ) .  The t r a j e c t o r y  
crown e l e v a t i o n s  and a  given s t a t e  increment A ( d i s t a n c e  between crown 
S 
e l eva t ions )  a t  t h e  upstream and downstream ends of t h e  s t a g e  a r e  kept  i n  
s t o r a g e  s o  t h a t  they can be used t o  e s t a b l i s h  t h e  s t a t e s .  For example, a  
c o r r i d o r  f o r  a  p ipe  connect ion with f i v e  s t a t e s  ( l a t t i c e  po in t s )  a t  bo th  ends 
is shown i n  Fig. 4.1.  The c o r r i d o r  is def ined  by t h e  crown e l e v a t i o n  mat r ix  

i n  which S ,  t h e  middle crown e l e v a t i o n ,  r e p r e s e n t s  t h e  t r i a l  t r a j e c t o r y .  
It i s  apparent  t h a t  t he  crown e l e v a t i o n s  must f a l l  w i t h i n  t h e  admiss ib le  
domain of t h e  s t a t e  space. The upper boundary of t h e  domain i s  def ined  by 
t h e  r equ i r ed  minimum s o i l  coverage of t h e  sewers o r  o t h e r  more r e s t r i c t i v e  
c o n s t r a i n t s .  I f  any e l e v a t i o n s  do n o t  s a t i s f y  t h e  minimum cover  depth 
c r i t e r i a ,  t h e  s t a t e  space of t h e  c o r r i d o r  is  s h i f t e d  down main ta in ing  t h e  
improved t r a j e c t o r y .  Likewise,  t he  crown e l eva t ions  must n o t  be  lower than t h e  
lower boundary which is def ined  by t h e  e l e v a t i o n  of  t h e  lowest sewer i n  t h e  
system o r  p re f e r ab ly  by o t h e r  more r e s t r i c t i v e  c o n s t r a i n t s  such a s  t h a t  imposed 
by minimum sewer s lopes .  The op t ion  a l s o  e x i s t s  t o  c o n s t r a i n  any e l e v a t i o n  a t  
t h e  upstream o r  downstream end of a  p i p e ,  by simply s e t t i n g  A = 0. This re-  
s 
s t r i c t i o n  is  r equ i r ed  when s p e c i a l  c o n t r o l  devices  such a s  s iphons o r  r e g u l a t o r s  
a r e  used i n  t h e  sewer system, o r  f o r  s p e c i f i e d  system o u t l e t  e l e v a t i o n .  
For a  s torm sewer system, a  complex network of c o r r i d o r s  would be  
formed, i .e .  a  c o r r i d o r  f o r  t h e  connect ions between manholes a t  each of t h e  
s t ages .  Once t h e  c o r r i d o r  i s  e s t a b l i s h e d ,  t h e  t r a d i t i o n a l  dynamic pro- 
gramming approach is  app l i ed  w i t h i n  t h e  c o r r i d o r s  a t  each s t a g e  (F ig .  4 .2) .  
The downstream crown e l e v a t i o n s  a r e  v a r i e d ,  and f o r  each of t h e s e ,  t h e  
upstream crown e l e v a t i o n s  a r e  va r i ed .  The sewer s l o p e  and s m a l l e s t  commercial 
p ipe  d iameter  s a t i s f y i n g  t h e  c o n s t r a i n t s  on f low,  v e l o c i t y ,  and preceding 
(upstream) sewer diameter  a r e  computed f o r  each inpu t  s t a t e  t o  t h e  ou tput  
s t a t e .  S e l e c t i o n  of t h e  p ipe  diameter  is  performed us ing  one of t h e  
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To Fig. 4.5 o r  4 .8  
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For n o n s e r i a l  approach t h i s  i s  the  c o s t  of sewer p i p e  o r  manhole; 
f o r  s e r i a l  approach t h e  c o s t  of p ipe  p l u s  t h e  c o s t  of t h e  upstream 
manhole m f o r  s t a t e  k. 
n 
Fig.  4.2. DP Flow Chart Within Corr idor  
h y d r a u l i c  methods and poss ib ly  the  r i s k  component d i scussed  r e s p e c t i v e l y  i n  
Chapters 5 and 6 .  For each f e a s i b l e  s e t  of i npu t  and output  s t a t e s ,  a  p ipe  
diameter  equal  t o  t he  l a r g e s t  of t he  upstream pipe  diameters  i s  considered 
f i r s t .  I f  t he  p ipe  i s  f u l l  o r  i f  t he  v e l o c i t y  exceeds t h e  al lowable 
maximum v e l o c i t y ,  t h e  nex t  l a r g e r  commercial s i z e  p ipe  i s  considered.  Con- 
v e r s e l y ,  i f  t h e  al lowable minimum v e l o c i t y  c o n s t r a i n t  i s  v i o l a t e d ,  t h e  sewer 
s l o p e  is  too  smal l  and f o r  t he  c u r r e n t  output  s t a t e  t h e  nex t  i n p u t  s t a t e  is  
considered.  The cos t  f o r  t h e  cu r r en t  ou tput  s t a t e -  o f t h e  s t a g e  i s  computed 
f o r  each of t h e  p o s s i b l e  i n p u t  s t a t e s .  This  c o s t  i s  added t o  t he  minimum 
'cumulative c o s t  upstream from the  c u r r e n t  s t a g e  t h a t  i s  a s soc i a t ed  wi th  
the  i n p u t  s t a t e  k. Thus, t h e  r ecu r s ive  func t ion  through s t a t e  j of s t a g e  n ,  
i n  which D and r a r e  t h e  dec i s ion  and r e t u r n  ( t h e  c o s t  of connection 
n n 
between the  cu r r en t  i n p u t  and output  s t a t e s ) ,  r e s p e c t i v e l y ;  F' (in-l) is  n- 1 
the  cumulative cos t  upstream of t h e  cu r r en t  connections ; and F ~ ( S ~ )  = 0. 
This  c u r r e n t l y  computed cos t  through s t a g e  n a t  t he  c u r r e n t  downstream 
s t a t e  j is  compared t o  determine whether i t  i s  l e s s  than t h e  previous ly  
computed minimum cumulative cos t  f o r  s t a t e  j. I f  s o ,  t h e  c u r r e n t  cumula- 
t i v e  c o s t  r ep l aces  t h e  previous minimum cumulative c o s t  f o r  s t a t e  j a s  a  
b a s i s  f o r  f u r t h e r  comparison. 
This  procedure i s  repea ted  u n t i l  a l l  t h e  f e a s i b l e  i npu t  s t a t e s  
connect ing t o  t h e  output  s t a t e  j a r e  considered.  I n  o t h e r  words, t h e  
s l o p e  o r  drop i n  crown e l e v a t i o n  of t h e  s t a g e  is  determined f o r  t h e  output  
s t a t e  j ,  among a l l  t he  f e a s i b l e  i n p u t  s t a t e s  t o  f i n d  the. s t a t e  k  which 
provides t h e  minimum cumulative c o s t  of g e t t i n g  t o  s t a t e  j. This s t a t e  k  
and the  a s soc i a t ed  c o s t s  f o r  s t a t e  j a r e  s t o r e d  f o r  l a t e r  use i n  t he  
opt imiza t ion  procedure. Af t e r  the  minimum cumulative cos t  t o  t he  output  
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s t a t e  j of t h e  c u r r e n t  s t a g e  has  been e s t a b l i s h e d ,  t h e  nex t  output  s t a t e  
of t h e  same s t a g e  i s  considered.  This  procedure is  r epea t ed  u n t i l  t h e  
minimum cumulative c o s t s  t o  each of t h e  f e a s i b l e  ou tput  s t a t e s  of t h e  
s t a g e  have been computed and s t o r e d .  
This  a lgor i thm cont inues downstream s t a g e  by s t a g e  u n t i l  t h e  DDDP 
computations a r e  performed f o r  t h e  l a s t  s t a g e .  There now e x i s t s  a set of 
minimum cumulative c o s t s  f o r  each s t a t e  a t  each s t a g e  i n  t h e  system. A 
trace-back i s  now performed which begins  a t  t h e  l a s t  s t a g e ,  s e l e c t i n g  ' the 
ou tput  s t a t e  w i th  t h e  minimum cumulative c o s t  and moving upstream t o  t h e  
a s s o c i a t e d  i n p u t  s t a t e .  This  procedure i s  followed through succes s ive  up- 
s t ream s t a g e s  and a new t r a j e c t o r y  i s  formed us ing  t h e  s e l e c t e d  s t a t e s  of 
each s t age .  This  process  i s  c a l l e d  an " i t e r a t i o n . "  A new c o r r i d o r  i s  
formed based on t h e  new t r a j e c t o r y  and t h i s  procedure i s  repea ted  beyond 
some i t e r a t i o n  i which produces c o r r i d o r s  w i th  a sewer system des ign  of a 
t o t a l  system c o s t  Fie No f u r t h e r  i t e r a t i o n s  w i t h  t h i s  s i z e  of c o r r i d o r s  
w i l l  produce a r educ t ion  i n  t o t a l  system c o s t  less than  a s p e c i f i e d  
t o l e r ance .  A t  t h i s  p o i n t  i n  t h e  op t imiza t ion  procedure,  t h e  va lue  of A i s  
S 
reduced t o  se t  up new c o r r i d o r s  i n  which t h e  crown e l e v a t i o n s  o r  l a t t i c e  
p o i n t s  a r e  spaced c l o s e r  toge ther .  These sma l l e r  c o r r i d o r s  a r e  formed 
around t h e  improved t r a j e c t o r i e s  of t h e  l a t e s t  i t e r a t i o n .  The i t e r a t i o n s  
cont inue  reducing A throughout t h e  system accord ingly  u n t i l  a s p e c i f i e d  
s 
minimum A is  reached and l e a s t - c o s t  des ign  is  obta ined .  A flow c h a r t  
s 
showing t h e  DDDP procedure f o r  sewer systems i s  given i n  Fig.  4.3. 
The c r i t e r i o n  used t o  determine dur ing  t h e  computations when t h e  
magnitude of A should be  reduced i s  based on t h e  r e l a t i v e  change of t h e  
S 
minimum c o s t  of t h e  l a t e s t  ( i - t h )  i t e r a t i o n ,  Pi, i . e . ,  
When t h e  r a t i o  is  equa l  t o  o r  sma l l e r  than a s p e c i f i e d  va lue  Er9 t h e  incre-  
ment A is  reduced t o  one-half o r  any o t h e r  d e s i r e d  f r a c t i o n  of i t s  prev ious  
s 
Perform. DDDP computations 
according t o  s e r i a l  (Fig.  4.8) 
o r  non - se r i a l  (Fig.  4.5) approaches 
sewer system t r a j e c t o r i e s  
Fig. 4.3. Flow Chart of Design Optimizat ion Procedure f o r  Sewer Systems 
va lue  and then  i t e r a t i o n s  a r e  resumed. This  procedure i s  repea ted  u n t i l  A 
s 
is s m a l l e r  than a  s p e c i f i e d  accep tab l e  va lue .  Obviously,  a p p r o p r i a t e  
s e l e c t i o n  of t h e  i n i t i a l  va lues  of A can s i g n i f i c a n t l y  improve t h e  
S 
e f f i c i e n c y  of t h e  DDDP. 
There a r e  t h r e e  p o s s i b l e  downstream boundary cond i t i ons  a t  t he  
l a s t  s t a g e  of a  s to rm sewer system us ing  DDDP. The f i r s t  i s  when t h e  
downstream crown e l e v a t i o n  of t h e  system ( f i n a l  o u t l e t )  must b e  a t  a  
s p e c i f i c  e l e v a t i o n ,  i . e . ,  i s  a  cons t an t .  I n  t h i s  c a s e ,  t he  s t a t e  incre-  N 
ment f o r  t he  downstream s t a t e  of  t h e  l a s t  s t a g e  N of t h e  system i s  zero.  
The trace-back through t h e  system f o r  each i t e r a t i o n  t o  determine t h e  minimum 
. 
c o s t  crown e l e v a t i o n s  of each of t h e  upstream s t a g e s  s t a r t s  a t  t h e  s p e c i f i e d  
e l e v a t i o n  of  t he  f i n a l  o u t l e t .  The second p o s s i b l e  downstream cond i t i on  N 
i s  when t h e  f i n a l  o u t l e t  can b e  a t  any e l e v a t i o n ,  i .e . ,  i s  n o t  s p e c i f i e d .  N 
I n  t h i s  ca se ,  A (N) f o r  t h e  downstream s t a t e s  f o r  t h e  l a s t  s t a g e  N of t h e  
s 
system is  no t  zero. The trace-back through t h e  e n t i r e  sewer system f o r  each 
i t e r a t i o n  t o  determine t h e  minimum c o s t  crown e l e v a t i o n s  s t a r t s  a t  t h e  
downstream e l e v a t i o n  of t he  l a s t  s t a g e  of t he  system t h a t  g ives  t h e  l e a s t  
t o t a l  c o s t  f o r  t h e  system. The t h i r d  p o s s i b l e  downstream cond i t i on  is t h a t  
3 is  n o t  f i x e d  b u t  r e s t r i c t e d  w i t h i n  a  c e r t a i n  range of e l e v a t i o n s ,  which N 
d e f i n e s  t h e  s t a t e  space boundary f o r  t h e  l a s t  s t a g e .  Consequently,  only 
t h o s e  e l e v a t i o n s  of t h e  l a s t  s t a g e  t h a t  f a l l  w i t h i n  t h i s  range a r e  
considered.  However, i n  a c t u a l  computations,  t h e  l a t t e r  two cond i t i ons  can 
b e  t r e a t e d  a s  t h e  f i rs t  by adding an imaginary s t a g e  N+1 c o n s i s t i n g  of a  p ipe  
connect ion having a  s p e c i f i e d  e l e v a t i o n  f o r  i t s  ou tpu t  s t a t e  and s e t t i n g  t h e  
c o s t  f o r  t h i s  imaginary s t a g e  equa l  t o  zero.  
4 . 3 .  Nonser ia l  Optimizat ion Approach and I t s  L imi t a t i ons  
The i n i t i a l  approach used i n  t h i s  s t udy  t o  r e p r e s e n t  a  d e n d r i t i c  
sewer system f o r  DDDP c o s t  op t imiza t ion  decomposes t h e  sewer system i n t o  a  
main cha in  w i th  branches connected t o  i t .  Each branch i s  i n  t u r n  s i m i l a r l y  
decomposed. The computations begin  a t  t h e  upstream end of t h e  main cha in  
and proceed dowllstream u n t i l  a branch connect ion i s  reached. This branch 
is then considered,  beginning a t  i t s  upstream end, i n  a manner i d e n t i c a l  t o  
t h e  main cha in ,  w i t h  t h e  branch output  i n  terms of c o s t s ,  crown e l e v a t i o n s ,  
and flow se rv ing  a s  i n p u t  t o  t h e  main chain.  The procedure then  proceeds 
downstream u n t i l  a l l  the  branches and main sewers have been considered.  
Each sewer and each manhole i n  t h e  system i s  considered a s  a s t a g e .  
The manner i n  which t h e  s t a g e s  a r e  l i nked  i s  given by t h e  inc idence  i d e n t i t y  
which i s  t h e  r e l a t i o n s h i p  t h a t  t h e  ou tpu t  from each s t a g e  forms t h e  i npu t  t o  
t h e  nex t  succeeding s t a g e .  The downstream (output )  crown e l e v a t i o n  of s t a g e  
n must b e  t he  same a s  the  upstream ( i n p u t )  crown e l e v a t i o n  of s t a g e  n+l 
- - 
given as  S = S and S 2 S i n  which t h e  equa l  s i g n  a p p l i e s  only t o  
n+ l  n y  n n 
manhole s t a g e s  wi th  crowns of j o in ing  sewers a l i gned .  An example of t h e  
s t a g e - s t a t e  domains wi th  t h e  c o r r i d o r ,  t r i a l  t r a j e c t o r y ,  and s t a t e  space bound- 
a r i e s  f o r  a main o r  a branch f o r  t h e  n o n s e r i a l  approach i s  shown i n  F ig .  4.4.  
A t  t h e  manhole where a branch j o i n s  t h e  main, t he  c u t s  d iv id ing  
the branch from t h e  main a r e  a t  t h e  downstream end of t h e  manhole s t a g e .  
Because of  i d e n t i c a l  e l e v a t i o n s  a t  t he se  c u t s ,  t he  ou tput  e l e v a t i o n s  of t h e  
main and branch a r e  equa l ,  S -  which i s  a l s o  equa l  t o  t h e  i n p u t  
main 'branchy 
e l e v a t i o n  f o r  t he  sewer main immediately downstream from t h e  manhole. Ob- 
- 
v i o u s l y ,  through t h i s  manhole s t a g e  t h e  r e c u r s i v e  equa t ion  F 
n- 1 (Sn-l) i n  
Eq. 4.3 inc ludes  t h e  minimum cumulative c o s t s  of bo th  t he  main and branches.  
A flow c h a r t  showing t h e  l o g i c  f o r  t h e  n o n s e r i a l  op t imiza t ion  
approach is given i n  Fig.  4.5. This f i g u r e  t oge the r  wi th  t h e  DDDP procedure 
descr ibed  i n  the  preceding s e c t i o n  (Figs .  4.2 and 4.3) i l l u s t r a t e s  t h e  non- 
s e r i a l  op t imiza t ion  design model. D e t a i l s  of t h e  procedure have been re- 
po r t ed  elsewhere (Mays and Yen, 1975) and a r e  n o t  repea ted  he re .  \ 
There a r e  s e v e r a l  l i m i t a t i o n s  f o r  t h i s  n o n s e r i a l  op t imiza t ion  
approach when app l i ed  t o  l a r g e  sewer systems wi th  many l e v e l s  of branching. 
z S 
Elevation 
From Fig. 4 . 3  
S t a r t  a t  upstream end of main 
set n = l  
Consider s t a g e  n on main 
E s t a b l i s h  co r r ido r  f o r  t he  s t a g e  
(def ined  by i n p u t  and output  s t a t e s )  
Perform DP computations f o r  t h i s  s t a g e  
w i t h i n  c o r r i d o r ,  see Fig. 4 . 2  
Manhole s t a g e  I 
I Yes 
Perform DDDP computations given i n  
t h i s  en t i r e  flow c h a r t  cons ider ing  
t h i s  branch a s  t h e  main 
V 
To Fig. 4 . 3  
Fig. 4 . 5 .  Flow Chart f o r  Each I t e r a t i o n  of Nonser ia l  Approach 
F i r s t ,  t h e  computer s t o r a g e  requirements  become a major l i m i t i n g  f a c t o r .  
I 
S t o r i n g  t h e  i n fo rma t ion  f o r  t h e  v a r i o u s  l e v e l s  of  b r anch ing ,  connect ions  of 
branches  t o  o t h e r  branches  o r  t o  t h e  main, e t c .  which a r e  nece s sa ry  f o r  t h e  
t race-back r o u t i n e  r e s u l t s  i n  l a r g e  s t o r a g e  requ i rements .  P i p e  d iamete rs  f o r  
each downstream s t a t e ,  upstream crown e l e v a t i o n  i ndexes ,  s l o p e s ,  ground 
s u r f a c e  e l e v a t i o n s ,  e l e v a t i o n s  of  t h e  t r a j e c t o r i e s ,  de s ign  f lows ,  e t c .  must 
a l l  b e  s t o r e d  i n  r e f e r e n c e  t o  t h e i r  l o c a t i o n s  i n  t h e  system. These i n p u t  
d a t a  and computed i n fo rma t ion  must b e  s t o r e d  w i th  r e s p e c t  t o  t h e  p i p e  o r  
manhole s t a g e  on t h e  branch.  
The l a r g e  amount of computer t i m e  r e q u i r e d  i s  t h e  second d i s -  
advantage of  t h e  n o n s e r i a l '  approach when a p p l i e d  t o  l a r g e  systems.  The 
execu t i on  time is s i g n i f i c a n t l y  i n c r e a s e d  because of  t h e  t ime r e q u i r e d  t o  
r e t r i e v e  in format ion  i n  a r r a y s .  A l l  of  t h e  i n fo rma t ion  excep t  t h a t  needed 
f o r  t h e  DDDP s t a g e  cons idered  i n  t h e  computation could b e  s t o r e d  on d i s c s  
o r  t ape s ;  however, t h i s  s i g n i f i c a n t l y  i n c r e a s e s  computer t i m e .  
The t h i r d  l i m i t a t i o n  is t h e  d i f f i c u l t y  i n  programming. It i s  
e v i d e n t  from t h e  d e s c r i p t i o n  of what i n p u t  and computed in format ion  must b e  
s t o r e d  f o r  t h i s  approach t h a t  programming becomes a r a t h e r  d i f f i c u l t  t a s k  
when s e v e r a l  l e v e l s  of b ranch ing  must b e  cons idered .  The manner i n  which t h e  
system i s  opt imized over  a l s o  r e s u l t s  i n  programming d i f f i c u l t i e s .  F i n a l l y ,  
t h e  d i f f i c u l t y  i n  d e f i n i n g  a main cha in  f o r  even s m a l l  networks is  a l s o  a 
l i m i t a t i o n  of  t h i s  approach. 
An a l t e r n a t e  method o f  u s ing  t h i s  n o n s e r i a l  approach would b e  t o  
d i v i d e  t h e  sewer system i n t o  s e v e r a l  sma l l e r  subsystems and compute t h e  
minimum c o s t  des igns  f o r  each and then combine them. However, because t h e  
minimum of t h e  sums is  n o t  n e c e s s a r i l y  e q u a l  t o  t h e  sum of component mini- 
m u m s ,  t h e  r e s u l t  of t h i s  approach may vary cons iderab ly  from t h e  t r u e  op t imal .  
Also,  t h e  computer t ime r e q u i r e d  t o  s o l v e  s e v e r a l  s m a l l e r  systems would b e  
i n c r e a s e d  a s  compared t o  one l a r g e r  system. Mays and Wenzel (1977) use  an 
example sewer system t h a t  f u r t h e r  i l l u s t r a t e s  t h e  l i m i t a t i o n s  of t h e  non- 
ser ia l  approach and shows advantages  of t h e  ser ia l  approach which i s  
de sc r i bed  below. 
4.4. S e r i a l  Opt imizat ion Approach 
4.4.1. Network Represen ta t ion  f o r  S e r i a l  Opt imizat ion Approach 
The p r e s c r i b e d  l a y o u t  of t h e  sewer system can b e  r ep r e sen t ed  by 
p rope r ly  numbering t h e  manholes (nodes) and i d e n t i f y i n g  t h e  connect ions  
between t h e  manholes. For g r a v i t y  flow sys tems ,  sewers a r e  gene ra l l y  s l oped  
towards low ground s u r f a c e  e l e v a t i o n s .  Hence, manholes l o c a t e d  a t  h ighe r  
ground e l e v a t i o n s  u s u a l l y  have sewer p ipe s  connect ing them t o  manholes a t  
lower ground e l e v a t i o n s .  This concept g ives  rise t o  a r a t h e r  s imple  approach. 
a s  compared t o  t h e  n o n s e r i a l  approach of r e p r e s e n t i n g  t h e  sewer network i n  a 
form s u i t a b l e  f o r  d i g i t a l  manipulat ion i n  t h e  DDDP procedure .  
Imaginary l i n e s  c a l l e d  i s o n o d a l  l i n e s  (INL) a r e  used t o  d i v i d e  t h e  
d e n d r i t i c  sewer sys tem i n t o  s t a g e s .  These l i n e s  a r e  de f i ned  such t h a t  they 
pass  through manholes (nodes) which a r e  s e p a r a t e d  from t h e  system o u t l e t  by 
t h e  same number of  sewers ( l i n k s ) .  Argaman e t  a l .  (1973) termed t h e s e  as  
d r a inage  l i n e s ;  however, i t  i s  f e l t  t h a t  " isonodal"  b e t t e r  d e s c r i b e s  t h e i r  
n a t u r e  and o f f e r s  l e s s  chance f o r  ambigu i t i es  and t h e r e f o r e  t h i s  term i s  
used throughout  t h i s  r e p o r t .  An a r b i t r a r y  s t a g e  n i n c l u d e s  a l l  t h e  p i p e s  
connect ing upstream manholes on INL n and dowrlstream manholes on INL n+l.  
For  a system wi th  N i s o n o d a l  l i n e s  and N - 1  s t a g e s ,  t h e  manholes on any INL n 
a r e  connected t o  t h e  s y s  tern o u t l e t  by N-n sewers .  The manholes a r e  no 
longer  s t a g e s  as i n  t h e  case  of  t h e  n o n s e r i a l  approach. The example system 
shown i n  Fig .  4.6 is  used t o  f u r t h e r  i l l u s t r a t e  t h i s  p o i n t .  INL 6 pa s se s  
through a l l  t h e  manholes which a r e  5 p ipe - l i nks  upstream from t h e  system o u t l e t .  
The i sonoda l  l i n e s  d i v i d e  t h e  sewer system i n t o -  s t a g e s  such t h a t  
t h e  two most upstream l i n e s  form s t a g e  1. The succeed ing  s t a g e s  proceed 
(a) Street System with Elevation 
Contours 
l e t  
(b) Layout and I s o n o d a l  L ines  
F ig .  4.6. I s o n o d a l  L ines  f o r  a Simple Sewer System 
downstream, each def ined  by a d j a c e n t  upstream and downstream i s o n o d a l  l i n e s ,  
n and n+l ,  f o r  n = 1 , 2 , .  . . , N  where N is t h e  number o f  s t a g e s  i n  t h e  e n t i r e  
system. Th is  concep t  of s t a g e s  i s  i l l u s t r a t e d  i n  F ig .  4.6 f o r  a s i m p l e  
street system. The street system and con tours  of e l e v a t i o n  a r e  shown i n  
Fig.  4.6a. The manholes and corresponding i s o n o d a l  l i n e s  f o r  t h e  l a y o u t  a r e  
superimposed on t h e  street system i n  Fig.  4.6b. The i s o n o d a l  l i n e s  a r e  con- 
s t r u c t e d  s t a r t i n g  a t  t h e  o u t l e t  of t h e  sys tem and proceeding upst ream,  b u t  
a r e  numbered i n  t h e  r e v e r s e  o r d e r ,  beg inn ing  a t  t h e  upst ream end of t h e  
sys tem a s  shown i n  Fig. 4.6 f o r  t h e  example sewer system. 
The l a y o u t  d e s c r i p t i o n  f o r  t h e  d i g i t a l  manipu la t ion  is accomplished 
by t h e  v e c t o r  of c o n n e c t i v i t y  which is e a s i l y  d e f i n e d  f o r  a network once t h e  
i s o n o d a l  l i n e s  a r e  e s t a b l i s h e d .  The set o f  manhole connec t ions  f o r  an 
a r b i t r a r y  s t a g e  n is d e f i n e d  by a v e c t o r  of c o n n e c t i v i t y  between manholes on 
INL n and n+l.  Th i s  v e c t o r  of connec t ions ,  g iven  a s  T , r e p r e s e n t s  
m n yrnn+l 
t h e  connec t ion  from upstream manholes m on INL n t o  downstream manholes m 
n n+l  
on INL n+l .  Shown i n  Fig .  4.7 a r e  t h e  manhole connec t ions  f o r  an a r b i t r a r y  
s t a g e  n between INL n and n+l.  T h i s  m a t r i x  h a s  as many rows a s  t h e  number 
of connec t ions  from each  manhole m t o  a l l  t h e  manholes on INL n+l.  
n 
Consider ing t h e  s t a g e  n i n  Fig .  4 .7 ,  f o r  each  o f  t h e  t h r e e  upst ream manholes,  
1 
m = 1, 2 ,  3 ,  on INL n ,  t h e r e  a r e  f o u r  p o s s i b l e  d r a i n a g e  c o n n e c t i o n s ,  one t o  . 
n 
each downstream manhole (m = 1, 2 ,  3 ,  4). 
n+l  Each p o s i t i o n  i n  t h e  v e c t o r  of 
c o n n e c t i v i t y ,  e i t h e r  h a s  a 1 implying connec t ion  o f  t h e  manholes o r  a 0 
implying no connec t ion .  For example, i n  Fig .  4 .7 ,  i f  t h e  connec t ion  of man- 
h o l e s  m = 3 on INL n is o n l y  t o  manhole m = 2 on INL n + l ,  t h e n  T = 1, 
n n+l  3 , 2  
T = 0 ,  TjY3 = 0 ,  and T = 0. 
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More t h a n  one manhole on INL n may have a connec t ion  t o  t h e  same 
manhole on INL n+l  a l lowing  f o r  b ranches  s o  t h a t  t h e  tree t y p e  ne,twork o f  
a s to rm sewer system can  b e  d e f i n e d .  Also each  manhole on INL n must have 




at  any s t a g e  n can b e  d e f i n e d  a s  i n c l u d i n g  a l l  connec t ions  (Tm 
n  ymn+l 
f o r m  n  1 , 2 , . . . , M  n  a n d m n + l = 1 , 2 , . . . ,  Mn+l ) , w h e r e M  n  a n d M n + l a r e t h e t o t a l  
! 
number of manholes on INL n  and n+l ,  r e s p e c t i v e l y .  
I 4.4.2. System Components o f  S e r i a l  Approach 
I 4.4.2.1 S t a t e s  - The i n p u t  s t a t e  v e c t o r  a t  each s t a g e  n  of t h e  sys tem i s  
I 
r e p r e s e n t e d  by t h e  sets of p i p e  crown e l e v a t i o n s  a t  t h e  downstream s i d e  of 
I each manhole m a long  INL n.  The n o t a t i o n  f o r  t h e  i n p u t  s t a t e  v e c t o r  a t  
? n  
manhole m on INL n  i s  Sm , i . e . ,  t h e  t o t a l  s t a t e  v e c t o r  f o r  INL n  has  
n  
I n  1 m n  = 1 , 2 ,  ..., M sets of  crown e l e v a t i o n s  where M i s  t h e  number of manholes 
n  n  
on INL n. For each  p o s s i b l e  p i p e  cons idered  a t  t h e  s t a g e ,  t h e  i n p u t  states 
L 
I a r e  d e f i n e d  a s  t h e  set  o f  crown e l e v a t i o n s  a t  t h e  upstream end of t h e  p i p e .  
i I n  o t h e r  words, f o r  t h e  n o n s e r i a l  approach t h e  i n p u t  s t a t e  v e c t o r  f o r  s t a g e  
n  is  d e f i n e d  by a  set of crown e l e v a t i o n s  a t  t h e  upst ream end of t h e  p i p e ;  
[ whereas ,  f o r  t h e  serial approach t h e  i n p u t  s tate v e c t o r  c o n s i s t s  of a s e t  
of crown e l e v a t i o n s  a t  each manhole on INL n.  I n  m a t r i x  form t h i s  ( a n  b e  
1 r e p r e s e n t e d  f o r  each s t a g e  a s  
where each p o s i t i o n  i n  t h e  m a t r i x  r e p r e s e n t s  a  set of crown e l e v a t i o n s  (Eq.  
I 
4.2) on t h e  downstream s i d e  o f  t h a t  p a r t i c u l a r  upst ream manhole. 
I The o u t p u t  s t a t e s  a r e  t h e  set of c r o w  e l e v a t i o n s  a t  t h e  uownstream 
1 
end of each  p i p e  connec t ion  of an a r b i t r a r y  s t a g e  n. The n o t a t i o n  f  Ir t h e  out-  






f o r  m = 1,2 , . . . ,  
n+l  Mn+l where Mn+l i s  t h e  t o t a l  number of manholes 
This  vec to r ,  Sn, can a l s o  be represented  i n  ma t r ix  form s i m i l a r  
t o  the  inpu t  s t a t e s .  
It should be pointed o u t  t h a t  t h e  output  s t a t e  vec to r  f o r  a down- 
s t ream manhole a t  s t a g e  n can have seve;;ll o r  no p ipes  connecting t o  i t  from 
t h e  upstream manholes of s t a g e  n. The inpu t  s t a t e  v e c t o r  f o r  t h e  succeeding 
downstream s t a g e  n+l  a t  t h e  same manhole must have one p ipe  l ead ing  from t h e  
manhole. This  allows each upstream manhole a t  each s t a g e  t o  b e  drained t o  
a manhole on t h e  downstream isonodal  l i n e .  
4.4.2.2. Decisions - The independent d e c i s i o n  v a r i a b l e  a t  each s t a g e  is t h e  
drop i n  t h e  crown e l e v a t i o n  from t h e  upstream end t o  t h e  downstream end f o r  
each p ipe  connect ion i n  t h e  s t age .  The p ipe  diameters  a l s o  involve a 
d e c i s i o n  v a r i a b l e ;  however, diameters  depend d i r e c t l y  upon t h e  s l o p e  and 
maximum flow r a t e  o r  t h e  r i s k  model (discussed i n  Chapter 5) so  t h a t  t h e  p ipe  
diameter  is n o t  considered a s  an  independent dec i s ion  v a r i a b l e .  Slopes a r e  
determined by t h e  drop i n  crown e l e v a t i o n s  and p ipe  l eng th ,  and maximum flow 
r a t e  is a func t ion  of t h e  l ayou t ,  s lope ,  and p ipe  diameter .  
The n o t a t i o n  f o r  t h e  s e t  of poss ib l e  drops i n  crown e l eva t ions  
from upstream manhole m t o  downstream manhole m on INL n and n+l  i s  
n n+l 
D . I n  o t h e r  words, D r ep re sen t s  t h e  s e t  of p o s s i b l e  drops i n  crown 
m 
n *mn+l 1 9 2 
e l e v a t i o n s  ac ros s  a s t a g e  n from manhole m = 1 on INL n t o  manhole mn+l = 2 
n 
on INL n+l.  The p o s s i b l e  drops i n  crown e l e v a t i o n s  f o r  t h i s  p ipe  connection a r e  
shown i n  Pig. 4.1 by t h e  dashed l i n e s .  I n  t h e  f i g u r e  t h e  inpu t  s t a t e s  a r e  t h e  
crown e l e v a t i o n s  a t  t he  downstream s i d e  of a manhole on INL n ,  and t h e  output  
s t a t e s  a r e  t h e  crown e l e v a t i o n s  a t  t h e  upstream s i d e  of a manhole on INL n+l. 
The t o t a l  d e c i s i o n  vec to r  r ep re sen t s  a l l  pos s ib l e  drops i n  crown e l e v a t i o n s  
from a l l  of t h e  M manholes on INL n t o  t he  Mn+l manholes o n  INL n+l s o  t h a t  
n  
t h e  t o t a l  v e c t o r  i s  D . I n  mat r ix  form t h e  t o t a l  v e c t o r  f o r  each s t a g e  
rn 
n ' mn+l 
n can b e  represen ted  a s  
I 
The drop i n  crown e l e v a t i o n  is def ined  a s  t h e  d i f f e r e n c e  between 
the  upstream crown e l e v a t i o n  ( input  s t a t e )  and t h e  downstream crown e l e v a t i o n  
(ou tput  s t a t e ) .  This  de f ines  t h e  manner i n  which an i n p u t  s t a t e  is t rans-  
formed i n t o  an ou tput  s t a t e  by a  d e c i s i o n  v a r i a b l e ,  which i n  dynamic 
programming terminology i s  t h e  t ransformat ion  func t ion  (Eq. 4.1).  More 
s p e c i f i c a l l y ,  i n  t h e  s e r i a l  approach f o r  a  p o s s i b l e  p ipe  connect ion between 
manholes mn and m 
n+l ' t h e  t ransformat ion  func t ion  i s  
4.4.3. DDDP So lu t ion  Scheme f o r  S e r i a l  Approach 
The DDDP procedure f o r  each i t e r a t i o n  s t a r t s  a t  t h e  upstream end 
of t h e  s torm sewer system and proceeds downstream stage-by-stage a s  d i s -  
cussed i n  Sec t ion  4.2 and shown i n  Fig.  4.3. Because of t he  d e f i n i t i o n  o f  
t h e  s t a g e s ,  they  vary simply by varying t h e  i sonodal  l i n e s .  Stage h is 
de f ined  by t h e  upstream and downstream INL n and n+l ,  whereas t h e  next  
downstream s t a g e  n+l  is def ined  by INL n+l and n+2. A flow cha r t  showing 
t h e  l o g i c  r ep re sen t ing  t h e  sewer system f o r  t h e  s e r i a l  approach f o r  t h e  DDDP 
s o l u t i o n  scheme is  given i n  Fig. 4.8. This  flow c h a r t  t oge the r  w i th  Figs.  4.2 
and 4.3 g ives  t h e  DDDP s e r i a l  op t imiza t ion  model. 
As  shown i n  Fig. 4 .8,  a t  a s t a g e  n each of t h e  downstream manholes 
m - 
n+l - l s * . * , M n + l  a r e  v a r i e d ,  a N  f o r  each of t hese  manholes, t h e  upstream 
manholes m = 1 . .  . M a r e  var ied .  For each combination of upstream and 
n n 
downstream manholes t h e  vec to r  of connections i s  checked t o  s e e  i f  t hese  man- 
h o l e s  r ep re sen t  a connection. I f  t h e r e  i s  no connection ( i . e . ,  T = 01, 
m,mn+l 
then t h e  next  upstream manhole m +1 is considered f o r  t h e  downstream manhole 
n 
m 
n+l ' Also, i f  t he re  is no connection and t h i s  is t h e  l a s t  upstream manhole 
(m = M ), then t h e  next  downstream manhole m + 1 and t h e  f i r s t  upstream 
n n n+l  
manhole (m = 1 )  a r e  considered.  For each connection t h e  c o r r i d o r  i s  formed 
n 
and DP computations a r e  appl ied  a s  shown i n  Fig. 4.2 and discussed i n  
Sec t ion  4.2. The r ecu r s ive  equat ion  f o r  each pipe t h a t  r ep re sen t s  a connection 
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where F,(S ) r ep re sen t s  t h e  minimum c o s t  of t h e  system t h a t  is connected 
mn ' mn+l - 
todownst reammanholem th roughups t r eammanho lem a n d w h e r e F 0 ( S  ) = 0. 
n+l n 
"0 '"1 
This r e c u r s i v e  equat ion  is f o r  only one of t h e  p o s s i b l e  connections a t  t h i s  
s t age .  A r ecu r s ive  equat ion  f o r  t h e  above opt imiza t ion  procedure cons ider ing  
a l l  t h e  connections can be  represented  as  
F,(;~) =  in 1  in [ 1: m , D m ) 
Im D m n m n + ~  (Smn mn+l n ~ ~ n + l  
n 'mn+l 
I 
2.9 . 8 y j  a a s  'uo~22auuo2  adrd 103 l o p r l l o 2  
uyqarm s u o y ~ o ~ n d u o s  da mlo j lad  
t f 
= T+um pue T = m 2 a s  s 
f o r  
where F ($ ) r ep re sen t s  t h e  minimum c o s t  of t h e  e n t i r e  system inc luding  a l l  
n n 
p ipes  and manholes through s t a g e  n ,  i .e . ,  t o  t h e  upstream of INL n+l. 
4.4.4. Connection of S t a t e s  a t  Manholes 
For t h e  manholes on INL n+l which a r e  connected by a p ipe  from t h e  
upstream, t h e  connect ion of s t a t e s  across  t h e  manholes must be determined 
before  proceding t o  t h e  next  downstream DDDP s t age .  This  procedure determines 
t h e  minimum t o t a l  c o s t s  f o r  each of t he  s t a t e s  on t h e  downstream s i d e  of 
manhole m which a r e  t he  i n p u t  s t a t e s  a t  t h i s  manhole f o r  the  next  down- 
n+l 
s t ream DDDP s t age .  This i s  done by vary ing  t h e  s t a t e  on the  downstream s i d e  
of t h e  manhole, and f o r  each of t hese ,  cons ider  each s t a t e  on t h e  upstream 
s i d e  of t h e  manhole which r ep resen t s  a crown e l e v a t i o n  g r e a t e r  than or  equal  
t o  t he  crown e l e v a t i o n  on the  downstream s i d e  ( f e a s i b l e  s t a t e s ) .  A s e t  of 
s t a t e s  on the  upstream s i d e  of t h e  manhole e x i s t s  f o r  each upstream pipe  
t h a t  connects t o  t he  manhole s o  t h a t  t he  f e a s i b l e  s t a t e  wi th  t h e  minimum cos t  
f o r  each p ipe  i s  chosen. The procedure i s  i l l u s t r a t e d  i n  Fig. 4.9 f o r  a Y 
j unc t ion  of pipes.  
The sum of minimum c o s t s  f o r  each of t h e  pipe connect ions jo in ing  
t o  t h e  manhole i s  t h e  cumulative minimum c o s t  a s soc i a t ed  with t h e  crown 
e l e v a t i o n  on t h e  downstream s i d e  of t h e  manhole. The s t a t e s  of each connect ion 
on the  upstream s i d e  of t h e  manhole having t h e  minimum c o s t s  f o r  t h e  s t a t e s  on 
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p i p e  connec ted  t o  
ups t ream man 
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Fig .  4.9. C o n n e c t i v i t y  of  S t a t e s  a t  Manhole J u n c t i o n s  f o r  S e r i a l  
Approach 
procedure i s  repea ted  f o r  each of  t h e  s t a t e s  on the  downstream s i d e  of t h e  
manhole, determining the  cumulative minimum c o s t  f o r  each s t a t e .  
The above procedure f o r  t he  connec t iv i ty  of s t a t e s  a t  t he  manhole 
is  e s s e n t i a l l y  a dynamic programming procedure a t  each downstream manhole 
m having an upstream connection i n  s t a g e  n. However t h e r e  i s  no r e t u r n  
nf 1 
considered because the  manhole cos t  is  computed along wi th  t h e  downstream 
pipe  i n  t h e  DDDP scheme. This  is  done because t h e  manhole depth,  which 
determines t h e  c o s t ,  cannot be computed u n t i l  t he  downstream connecting p ipe  
diameter  i s  known. This procedure d i c t a t e s  t h e  manner i n  which s t a g e  n i s  
l i nked  t o  s t a g e  n f l  through the  manholes. This l i nkage  i s  c a l l e d  t h e  
inc idence  i d e n t i t y  which r e l a t e s  t he  output  from each s t a g e  t o  t h e  inpu t  t o  
t he  succeeding s t age .  
4.4.5. Trace-Back Routine 
A f t e r  a DDDP i t e r a t i o n  i s  completed and t h e  minimum c o s t  a s soc i a t ed  
wi th  each of t he  f e a s i b l e  output  s t a t e s  of t h e  l a s t  s t a g e  a r e  e s t a b l i s h e d ,  
the l e a s t - c o s t  is determined by comparing t h e s e  minimum c o s t s  f o r  d i f f e r e n t  
s t a t e s .  A trace-back r o u t i n e  is  performed t o  r e t r i e v e  t h e  l ea s t - cos t  des ign  
of the  sewer system f o r  t h i s  i t e r a t i o n .  The trace-back commences a t  t he  
downstream end of t he  system proceeding upstream stage-by-stage. A t  each 
s t a g e  the  manholes on the  downstream isonodal  l i n e  a r e  v a r i e d ,  and f o r  each 
of t hese ,  t he  manholes on the  upstream isonodal  l i n e  a r e  var ied .  For each 
combination of upstream and downstream manholes, t h e  v e c t o r  of connec t iv i ty  
T , i s  checked t o  s e e  i f  t h e s e  two manholes r ep re sen t  a connection of 
m 
n ' mn+l 
t h e  system l ayou t .  I f  t h e s e  manholes do not  r ep re sen t  a connect ion of 
t he  l ayou t ,  t h e  next  combination of manholes is  considered.  I f  t h e  
manholes do r ep re sen t  a connect ion,  t he  trace-back cont inues  by determin- 
i n g  t h e  upstream s t a t e  f o r  a known downstream s t a t e  j from t h e  s t o r e d  
indexes of upstream s t a t e s  a s soc i a t ed  wi th  each downstream s t a t e .  Remember 
t h e  trace-back begins  a t  the  system o u t l e t  a t  which t h e  minimum c o s t  s t a t e  
(downstream) was computed. When t h e  upstream s t a t e  k  a t  manhole m i s  found, 
n  
the downstream s t a t e s  j f o r  each connection t o  t h i s  manhole f o r  t h e  preceding 
upstream s t a g e  can b e  found from t h e  s t o r e d  index of connect ions across  manholes. 
The tracb-back a t  t he  l a s t  two s t a g e s  of  a  system i s  i l l u s t r a t e d  i n  Fig.  4.10. 
This  procedure is  repea ted  f o r  each connect ion of t h e  l ayou t  a t  t he  
s t a g e  found by vary ing  t h e  upstream and downstream manholes. Once a l l  
connect ions of t he  l ayou t  a t  t h i s  s t a g e  have been cons idered ,  t h e  next  up- 
s t ream s t a g e  is  considered and t h e  procedure is  repea ted .  Each t i m e  t h e  
s t a t e s  a t  t h e  upstream and downstream ends of t h e  p ipes  a r e  determined, t h e  
crown e l e v a t i o n s  which r ep re sen t  t he  improved t r a j e c t o r y  a r e  s t o r e d  t o  be  
used a s  t h e  t r i a l  t r a j e c t o r y  f o r  t he  next  i t e r a t i o n  of t he  algori thm. 
4.4.6. Advantages of S e r i a l  Approach 
A s  d i scussed  i n  Sec t ion  4.3, t h e r e  a r e  s e v e r a l  major l i m i t a t i o n s  
t o  the  n o n s e r i a l  op t imiza t ion  approach when app l i ed  , t o  l a r g e  sewer systems 
wi th  many l e v e l s  of branching. These l i m i t a t i o n s  i nc lude  t h e  l a r g e  computer 
s t o r a g e  requirements and d i f f i c u l t y  i n  programming. The s e r i a l  approach, 
on the  o t h e r  hand, r equ i r e s  l e s s  s t o r a g e  and correspondingly less computer 
t i m e  a s  w e l l .  This is  because the  sewer system l ayou t  is  represen ted  by 
t h e  mat r ix  of connec t iv i t y  T , which i s  a s impler  and more gene ra l  
m 
n  ~ ~ n + l  
method of s t o r i n g  t h e  r equ i r ed  i n £  ormation than i s  employed i n  t h e  non- 
s e r i a l  approach, thereby f a c i l i t a t i n g  t he  programming e f f o r t .  
A f u r t h e r  advantage is  the  ease  of de f in ing  t h e  system f o r  t h e  
op t imiza t ion .  No ma t t e r  how many l e v e l s  of branching t h e  sewer system 
may have, t h e  s e r i a l  approach always de f ines  t h e  s t a g e s  by use of t h e  
i sonoda l  l i n e s .  The s u p e r i o r i t y  of t h e  s e r i a l  approach t o  t he  n o n s e r i a l  ' 
approach i s  p a r t i c u l a r l y  apparent  when l a r g e  systems wi th  many l e v e l s  of 
branching a r e  considered.  

Chapter 5.  CONSIDERATIONS OF RISKS AND UNCERTAINTIES 
Engineering designs a r e  inev i t ab ly  s u b j e c t  t o  unce r t a in t i e s .  The 
design of storm sewers i s  no exception. T rad i t iona l ly  storm sewers a r e  
designed using a de te rmin i s t i c  approach once the  design r e tu rn  per iod  of 
rainstorm i s  e s t ab l i shed .  Af ter  t he  design discharge i s  evaluated,  t he  s i z e  
of t h e  sewer is determined a s  the  smal les t  p ipe  t h a t  can convey t h e  design 
discharge. No considerat ion is  given t o  the  u n c e r t a i n t i e s  and t h e i r  e f f e c t  
on sewer design. As mentioned i n  Sect ion 2.2 and w i l l  be elaborated f u r t h e r  
l a t e r ,  the  u n c e r t a i n t i e s  involved i n  sewer design include hydrologic and 
hydraul ic  u n c e r t a i n t i e s ,  u n c e r t a i n t i e s  due t o  cons t ruc t ion  and ma te r i a l s ,  
and u n c e r t a i n t i e s  on cost  funct ions.  I n  t h i s  chapter  a  method is developed 
t o  incorpora te  the  e f f e c t  of u n c e r t a i n t i e s  t o  sewer design. 
5.1. Basic  Concepts and Theory 
5.1.1. Risk Function 
The f a i l u r e  of a  storm sewer can be  defined as  t h e  event i n  which 
the  runoff o r  loading Q which is imposed on a  sewer by a r a i n f a l l  event L 
exceeds the capaci ty ,  Q of t he  sewer. In o the r  words, t he  r i s k  of f a i l u r e  C , 
i s  the  p robab i l i t y  of the  event Q > Q ; i . e . ,  L C 
Risk = P(QL > Q ) C 
Since both Q and Q i n  Eq. 5 .1  a r e  non-negative q u a n t i t i e s ,  the L C 
p robab i l i t y  i n  Eq. 5 .1  is equal  t o  P  [(Q /Q ) < 1 1  o r  P  [ l n ( ~ ~ / ~ ~ )  < 01. Hence C L 
Risk = P(Z < 0) (5.2) 
i n  which 
By us ing  the  f i r s t  o rder  approximation of t h e  ~ a ~ l o r ' s  s e r i e s  expansion (Ang 
and Tang, 19 75, p. 193) t he  mean and. va r i ance  of Z a r e  
and 
- 
i n  which 5 C, QL and "c, "L a r e  t h e  mean va lues  and c o e f f i c i e n t  of v a r i a t i o n  
of QC and QL r e spec t ive ly .  The s u b s c r i p t  0 with t h e  pa ren thes i s  denotes t h a t  
t he  quan t i t y  w i t h i n  t h e  pa ren thes i s  is eva lua ted  a t  t h e  mean va lues  of t h e  
random v a r i a b l e s .  It i s  i m p l i c i t l y  assumed i n  Eq. 5.5 t h a t  Q and QL a r e  C 
s t a t i s t i c a l l y  independent of each o the r .  
S ince  Q and Q a r e  u sua l ly  func t ions  of many random v a r i a b l e s  a s  C L 
w i l l  be  d e t a i l e d  i n  t he  fol lowing s e c t i o n ,  t he  d i s t r i b u t i o n  of Z is n o t  
gene ra l ly  easy t o  determine. However, i t  has  been shown (Ang 1970; Yen and 
Ang, 1971) t h a t  f o r  a r i s k  l e v e l  of o r  l a r g e r ,  t h e  r i s k  is n o t  s ens i -  
t i v e  t o  t he  type of d i s t r i b u t i o n  assumed. IIence, f o r  s i m p l i c i t y ,  assuming 
Z t o  be normally d i s t r i b u t e d ,  t h e  r i s k  i s  
o r ,  from Eqs. 5.4, 5 .5 and 5.6, 
1. (GL /CC) 
Risk = $[-2 2 1/21 
('QL + "c) 
i n  which $(x)  denotes t h e  cumulative s tandard  normal d i s t r i b u t i o n  eva lua ted  
a t  x. The va lues  of $ can be found i n  AppendixA f o r  nega t ive  va lues  of x 
o r  from t a b l e s  i n  s tandard  s t a t i s t i c s  r e f e rence  books (e.g. ,  Benjamin and 
Cornel l ,  1970; Ang and Tang, 1975) f o r  p o s i t i v e  x.  Note t h a t  $(-x) = 1 - $(x ) .  
Actua l ly ,  f o r  s torm sewers  t h e r e  a r e  two d i f f e r e n t  types  of f a i l u r e  
a s  d i s cus sed  by Yen and h g  (1971). One i s  t h e  p rope r ty  damage, type  f a i l u r e  
which causes  l o c a l  f l ood ing  b u t  i nvo lve s  no f a i l u r e  o r  damage i n  t h e  sewer 
s t r u c t u r e s  o r  change i n  t h e  func t i on ing  of t he  sewer system. Temporarily t h e  
sewer i s  i ncapab l e  of conveying t h e  e n t i r e  s torm r u n o f f ,  r e s u l t i n g  i n  p rope r ty  
damages such as f l ood ing  of basements and lowlands and i n t e r r u p t i o n  of t r a f f i c .  
The o t h e r  type i s  a  c a t a s t r o p h i c  f a i l u r e  which i nvo lve s  damage t o  t h e  sewer 
sys tem such t h a t  i t s  proper  f unc t i on ing  is  no  l onge r  p o s s i b l e .  The d e f i n i -  
t i o n  of f a i l u r e  a s  g iven  i n  Eq .  5 . 1  e s s e n t i a l l y  fo l lows  t h e  concept of t h e  
p rope r ty  damage type f a i l u r e .  It i s  most un l i ke ly  t h a t  a c a t a s t r o p h i c  type  
f a i l u r e  of a  s to rm sewer would happen b e f o r e  t h e  occur rence  of t h e  p rope r ty  
damage type f a i l u r e .  However, under s p e c i a l  c i rcumstances  when i t  i s  
nece s sa ry ,  t h e  p r o b a b i l i t y  of c a t a s t r o p h i c  type f a i l u r e  can a l s o  b e  s i m i l a r l y  
eva lua t ed  through an a p p r o p r i a t e  mod i f i c a t i on  of Q i n  E q .  5.1. C 
5.1.2.  Ana lys i s  of Component U n c e r t a i n t i e s  
S ince  Q and QC a r e  bo th ,  i n  g e n e r a l ,  f unc t i ons  of o t h e r  random L 
v a r i a b l e s ,  an assessment  of t h e i r  mean va lue s  and c o e f f i c i e n t s  of v a r i a t i o n  
i n  terms of those  of t h e  component random v a r i a b l e s  is  mandatory. Suppose 
Q i s  p r e d i c t e d  by a  mathemat ical  model G which is a  f u n c t i o n  of  v a r i a b l e s  
x  t o  x  . To account  f o r  any e r r o r  i n  t h e  p r e d i c t i o n  as a r e s u l t  of t h e  1 j 
model i d e a l i z a t i o n ,  a  c o r r e c t i v e  f a c t o r  X w i t h  mean h and c o e f f i c i e n t  of 
v a r i a t i o n  52 is  in t roduced ,  such t h a t  Q i s  expressed  as X 
Q = XG(xl,x2 ,.... x. )  
J 
By apply ing  t h e  f i r s t  o rde r  approximation f o r  Q ,  
and 
i n  which r is  t h e  c o e f f i c i e n t  of c o r r e l a t i o n  between x and x . Assuming i j i j 
t h a t  a l l  t h e  x . ' s  a r e  s t a t i s t i c a l l y  independent,  and not ing  t h a t  aQ/ax = 
J j 
( 8 ~ 1 8 ~ )  (ac laxj )  = ~ ( a ~ l a x . ) ,  ~ q .  5.11 can be s impl i f i ed  as 
J 
The s p e c i f i c  formulas t o  eva lua te  t h e  mean and c o e f f i c i e n t  of v a r i a t i o n  'for 
QL and QC depend on t h e  mathematical model adopted f o r  Q and Q a s  w i l l  be  L C ' 
i l l u s t r a t e d  l a t e r  i n  t h i s  chapter .  
5.1.3. Safe ty  Factor  
Conventionally, t he  sewer i s  designed t o  have a  capaci ty  Q ex- C 
ceeding t h e  nominally requi red  capaci ty  Qo. Thus, t he  s a f e t y  f a c t o r  may 
be  defined a s  
The value of Q i s  the  peak flow t h a t  t he  sewer must ca r ry  a s  determined by 
0 
the  hydrologic and/or hydrau l i c  a n a l y s i s ,  such a s  t h e  peak discharge com- 
puted by using the  r a t i o n a l  formula f o r  a  given r e t u r n  per iod  equal  t o  t h e  
expected p r o j e c t  l i f e .  The va lue  of % is  t h e  expected va lue  of t he  capaci ty  
of the  sewer of a  given diameter and s lope  eva lua ted  by using one of t h e  
f low formulas such a s  t h e  Darcy-Weisbach o r  Manning formulas .  
5.2. U n c e r t a i n t i e s  i n  Rainstorm Runoff and Sewer Capaci ty  
As shown i n  E q .  5.12, t h e  e v a l u a t i o n  of t h e  component u n c e r t a i n t i e s  
of t h e  des ign  d i s c h a r g e  Q and sewer c a p a c i t y  Q depends on t h e  formulas used L C 
t o  compute Q and Q To i n t r o d u c e  t h e  methodology and f o r  t h e  s a k e  of L C* 
b r e v i t y  and c l a r i t y ,  t h e  Manning formula i s  adopted t o  e v a l u a t e  t h e  sewer 
c a p a c i t y ,  and t h e  r a t i o n a l  method is adopted t o  e v a l u a t e  t h e  des ign d i s c h a r g e .  
The r e a d e r  shou ld  n o t  i n t e r p r e t  t h i s  a d o p t i o n  as an endorsement of t h e  r a t i o n a l  
formula .  
5.2.1.  U n c e r t a i n t i e s  i n  Design Discharge 
The r a t i o n a l  formula ,  because  o f  i t s  s i m p l i c i t y ,  i s  t h e  most com- 
monly used formula  t o  e s t i m a t e  t h e  peak runof f  r a t e  due t o  r a i n f a l l .  Through 
t h e  y e a r s  much c r i t i c i s m  h a s  been l e v e l e d  on t h e  r a t i o n a l  formula  and most 
of i t s  drawbacks a r e  well-known. Recent ly  many improved and s o p h i s t i c a t e d  
f low s i m u l a t i o n  methods have been developed which a r e  more s a t i s f a c t o r y  than  
t h e  r a t i o n a l  formula  ( e . g . ,  s e e  Chow and Yen, 1976) .  N e v e r t h e l e s s ,  as 
mentioned e a r l i e r ,  t h e  r a t i o n a l  formula  i s  adopted as an example f o r  t h e  s a k e  
of s i m p l i c i t y  and c l a r i t y ;  o t h e r  methods could  a l s o  b e  used i f  d e s i r e d .  
I f  t h e  r a t i o n a l  formula ,  Q = CiA, is used,  where C is t h e  runoff  
c o e f f i c i e n t ,  i i s  t h e  r a i n f a l l  i n t e n s i t y  and A i s  t h e  d r a i n a g e  b a s i n  a r e a ,  
t h e  v a l u e  of Q i n  E q .  5.13 can b e  computed from 
0 
i n  which i is t h e  r e f e r e n c e  r a i n f a l l  i n t e n s i t y  c o n v e n t i o n a l l y  used t o  
0 
compute t h e  d i s c h a r g e  f o r  t h e  d e s i g n  r e t u r n  p e r i o d .  The b a r  r e p r e s e n t s ,  
a s  b e f o r e ,  t h e  mean v a l u e  of t h e  v a r i a b l e .  
The va lue  of i n  Eq. 5.7,  which i s  t h e  expected va lue  of t h e  L 
maximum discharge  during t h e  T yea r  expected s e r v i c e  l i f e  of t h e  sewer, can 
a l s o  be  e s t ima ted  us ing  t h e  r a t i o n a l  formula.  However, s i n c e  t h e  r a t i o n a l  
formula r ep re sen t s  only an approximate model, a  c o r r e c t i o n  f a c t o r  X i s  L 
in t roduced .  Thus, applying Eqs. 5.10 and 5.12 t o  t he  r a t i o n a l  formula,  one 
ob t a i n s  
where Q L ' Q, Q .  and Q a r e  t h e  c o e f f i c i e n t s  of v a r i a t i o n  of t h e  model cor- 1 A 
r e c t i o n  f a c t o r ,  runoff  c o e f f i c i e n t ,  r a i n f a l l  i n t e n s i t y  and dra inage  a r e a ,  
- 
r e s p e c t i v e l y .  The q u a n t i t y  iT represen t s  t he  expected maximum r a i n f a l l  in-  
t e n s i t y  dur ing  t h e  T y r  sewer s e r v i c e  l i f e  and i t  can b e  eva lua t ed  from t h e  
r a i n f a l l  in tens i ty - f requency  r e l a t i o n s h i p  u s ing  a  r e t u r n  pe r iod  equa l  t o  
T y r .  
5.2.2. Unce r t a in t i e s  i n  Sewer Capacity 
The Manning formula is  
i n  which n i s  Manning's roughness f a c t o r ;  A is  t h e  flow c ros s  s e c t i o n a l  a r e a ;  
R is  t h e  h y d r a u l i c  r ad ius ;  and S i s  t h e  f r i c t i o n  s l o p e  of  t h e  flow. I n  com- 
pu t ing  the  sewer capac i ty ,  assuming g r a v i t y  flow wi th  j u s t  f u l l  p i p e  of 
diameter  d, Eq. 5.17 can b e  w r i t t e n  a s  
Appl i ca t i on  of Eqs. 5.10 and 5.12 t o  Eq. 5.18 y i e l d s  
i n  which X accounts  f o r  t h e  approximation a s s o c i a t e d  w i t h  t h e  Manning formula ,  
m 
and am, ", " and " a r e  t h e  c o e f f i c i e n t s  of v a r i a t i o n  of Q t h e  model QC'  c Y  
c o r r e c t i o n  f a c t o r ,  s l o p e ,  d iamete r  and roughness ,  r e s p e c t i v e l y .  
5.3. Procedure  t o  E s t a b l i s h  Risk-Safety Fac to r  Re l a t i onsh ip  
The b a s i c  procedure  t o  e s t a b l i s h  t h e  r i s k - s a f e t y  f a c t o r  curves  f o r  
a geographic  l o c a t i o n  is  t o  use  Eqs. 5 .7  and 5.13 t o  compute t h e  r i s k  and 
s a f e t y  f a c t o r .  The d e t a i l s  depend on t h e  f a c t o r s  a f f e c t i n g  %,  QL, Qc, n QL ' 
and QC*  The fo l lowing  summary is  only meant f o r  r e f e r e n c e  r a t h e r  than a  
r i g i d  r u l e ,  and t h e  eng ineer  may a l t e r  t h e  procedure  as t h e  s i t u a t i o n  d i c t a t e s .  
For t he  d ra inhge  b a s i n  o r  l o c a t i o n  where t h e  r i s k - s a f e t y  f a c t o r  r e -  
l a t i o n s h i p s  are t o  b e  es t a b l i s h e d ,  t h e  sugges ted  procedure  is  as fo l lows  . 
(a )  S e l e c t  t h e  a p p r o p r i a t e  models t o  compute t h e  sewer capac i t y  
and design d i scharge .  
(b) Perform an a n a l y s i s  of u n c e r t a i n t i e s  on t h e  r a i n f a l l  i n -  
t e n s i t y .  This  i nvo lve s  assessment  of u n c e r t a i n t i e s  due 
t o  r e t u r n  pe r i od ,  du ra t i on ,  l i m i t e d  r a i n f a l l  r e co rd  and 
d a t a  r e l i a b i l i t y .  For each choice  of r e t u r n  pe r i od  and 
du ra t i on  t h e  r e s u l t  u s u a l l y  c o n s i s t s  o f  a  r e f e r e n c e  
r a i n f a l l  i n t e n s i t y  f o r  t h e  e v a l u a t i o n  of Q i n  Eq. 5.13 
0 
and a  mean i n t e n s i t y ,  t oge the r  w i t h  t h e  c o e f f i c i e n t  of 
v a r i a t i o n  f o r  t h e  e s t i m a t i o n  of and fi L  QL A l t e r n a t i v e l y ,  
75 
i f  i n p u t  is the  sewer inf low hydrograph, perform an 
a n a l y s i s  of  u n c e r t a i n t i e s  on t h e  hydrograph. 
(c )  Perform an a n a l y s i s  of u n c e r t a i n t i e s  f o r  t h e  des ign  
d ischarge .  This  involves  an assessment of  f a c t o r s ,  i n  
a d d i t i o n  t o  t h e  r a i n f a l l  i n t e n s i t y ,  c o n t r i b u t i n g  t o  t h e  
u n c e r t a i n t i e s  f o r  t h e  design d ischarge .  I n  o t h e r  words, 
t h i s  s t e p  involves  t he  de te rmina t ion  of t h e  mean and coe f f i -  
c i e n t  of v a r i a t i o n  f o r  each of t h e  component f a c t o r s  a f fec-  
t i n g  t h e  des ign  discharge.  The r e s u l t  u sua l ly  c o n s i s t s  of 
- 
a set of va lues  of Q 
0 , 
QL and L? (us ing ,  f o r  example, Eqs. QL 
5.14, 5.15 and 5.16) f o r  t h e  du ra t i on  and r a i n f a l l  
r e t u r n  pe r iod  which is s e l e c t e d  a s  equa l  t o  t h e  expected 
s e r v i c e  l i f e  of  t h e  sewer. 
(d) For an a r b i t r a r i l y  s e l e c t e d  p ipe  s i z e  a v a i l a b l e  commercially, 
perform an a n a l y s i s  of  u n c e r t a i n t i e s  f o r  t h e  sewer capac i ty .  
This involves  an a n a l y s i s  of t h e  u n c e r t a i n t i e s  i n  t h e  p ipe  
s i z e ,  roughness,  s t r a i g h t n e s s  , cons t ruc t ion  r e l i a b i l i t y  such 
a s  t he  s l o p e ,  and t h e  model e r r o r .  The va lues  of t h e  mean 
and c o e f f i c i e n t  of v a r i a t i o n  f o r  t h e  f a c t o r s  a f f e c t i n g  the  
sewer capac i ty  a r e  determined f i r s t .  The end r e s u l t  c o n s i s t s  
of t h e  va lues  of  % and L? (us ing  formulas such a s  Eqs. 5.19 QC 
and 5.20) f o r  t h e  p ipe  s i z e  considered.  
(e)  Compute t h e  r i s k  us ing  Eq. 5.7. 
( f )  Compute t h e  s a f e t y  f a c t o r  using Eq. 5.13. 
(g) The p a i r  of va lues  f o r  t he  r i s k  and s a f e t y  f a c t o r ,  computed 
i n  (e )  and ( f ) ,  g ives  one p o i n t  of t h e  r i sk - sa fe ty  f a c t o r  
curve. 
(h )  Repeat s t e p s  (d )  t o  ( f )  f o r  a  d i f f e r e n t  p i p e  s i z e .  This  
w i l l  g i v e  ano ther  p o i n t  on t h e  r i s k - s a f e t y  f a c t o r  curve.  
Repeating t h i s  procedure  f o r  o t h e r  p i p e  s i z e s  w i l l  g i v e  
a d d i t i o n a l  p o i n t s  t o  p l o t  t h e  curve f o r  t h e  s e l e c t e d  
r a i n f a l l  d u r a t i o n  and d e s i g n  p e r i o d .  
( i )  Repeat s t e p s  ( c )  t o  (h )  f o r  d i f f e r e n t  r a i n f a l l  d u r a t i o n s  
hav ing  t h e  same des ign  p e r i o d .  The r e s u l t s  w i l l  g i v e  curves  
f o r  d i f f e r e n t  d u r a t i o n s .  However, i t  h a s  been found t h a t  
t h e  e f f e c t  of r a i n f a l l  d u r a t i o n  i s  u s u a l l y  s m a l l  and t h e  
p o i n t s  having d i f f e r e n t  d u r a t i o n s  b u t  t h e  same d e s i k n  p e r i o d  
can b e  r e p r e s e n t e d  by a  s i n g l e  curve.  
( j )  Repeat s t e p s  (c )  t o  ( i )  f o r  d i f f e r e n t  d e s i g n  p e r i o d s ,  t h e  
r e s u l t s  w i l l  complete t h e  s e t  of r i s k - s a f e t y  f a c t o r  curves  
f o r  d i f f e r e n t  expec ted  sewer  s e r v i c e  l i f e  p e r i o d s .  
I n  view of t h e  amount of r e p e t i t i v e  ccmputat ions  invo lved  t o  e s t a b -  
l i s h  t h e  r i s k - s a f e t y  f a c t o r  curves ,  i t  is  sugges ted  t h a t  such  computations 
a r e  b e s t  done on a  d i g i t a l  computer. 
5.4. Development of Risk-Safety F a c t o r  Curves 
To i l l u s t r a t e  t h e  computa t iona l  d e t a i l s  i n  t h e  p r o c e s s  of devel-  
oping t h e  r i s k - s a f e t y  f a c t o r  curves ,  a  d r a i n a g e  b a s i n  of 10 a c  i n  s i z e  lo-  
c a t e d  i n  Urbana, I l l i n o i s  i s  adopted a s  an example. The d e s i g n  d i s c h a r g e  i s  
computed by us ing  t h e  r a t i o n a l  formula  and t h e  sewer c a p a c i t y  by t h e  Manning 
formula.  
5.4.1.  A n a l y s i s  of U n c e r t a i n t i e s  i n  R a i n f a l l  I n t e n s i t y  
The u n c e r t a i n t y  i n  r a i n f a l l  i n t e n s i t y  v a r i e s  w i t h  t h e  d e s i g n  
p e r i o d  T and d u r a t i o n  t of t h e  r a i n f a l l  and t h e  l o c a t i o n  and s i z e  of t h e  d  
d r a i n a g e  b a s i n .  For most d r a i n a g e  b a s i n s  i n  t h e  U.S. t h e  r e l a t i o n s h i p  
between t h e  r a i n f a l l  i n t e n s i t y ,  d u r a t i o n ,  and r e t u r n  p e r i o d  can b e  e s t ima t ed  
from a Na t iona l  Weather S e r v i c e  a t l a s  ( H e r s h f i e l d ,  1963) .  'The  d r a inage  
b a s i n  cons idered  h e r e  as an example is  a 10-ac area a t  Urbana, I l l i n o i s  and 
t h e  fo l l owing  example computations are f o r  T = 10 y r  and t = 30 min. d 
I n  most l o c a t i o n s  t h e  p o i n t  r a i n f a l l  i n t e n s i t y ,  i, can be  expressed  
i n  which a and b are c o n s t a n t s  and m and k a r e  c o n s t a n t  exponents .  Equa- 
t i o n  5 .21 r e p r e s e n t s  t h e  f requency d i s t r i b u t i o n  of t h e  annua l  maximum 
p o i n t  r a i n f a l l  i n t e n s i t y ,  i . At Urbana, based on t h e  d a t a  from H e r s h f i e l d  
a 
(1963) f o r  r a i n f a l l  d u r a t i o n  from 5 min t o  2 h r  and r e t u r n  p e r i o d  from 1 
t o  100 y r s ,  a = 120, b = 27, m = 0.175 and k = 1. Hence, 
i n  which i is  i n  i n . / h r ,  T is  i n  y r ,  and t i n  min. d 
5.4.1.1. E f f e c t  of Design Pe r iod  - I n  o r d e r  t o  estimate t h e  expec ted  maxi- 
mum d i s cha rge  Q (Eq. 5.15) i t  is  neces sa ry  f i r s t  t o  estimate t h e  expected L 
- 
maximum r a i n f a l l  i n t e n s i t y ,  i f o r  a s p e c i f i e d  r a i n f a l l  d u r a t i o n  dur ing  T' 
t h e  e x t i r e  s e r v i c e  l i f e  of t h e  sewer. The v a r i a n c e  of i f o r  t h e  d i s t r i b u -  
t i o n  expressed  i n  Eq. 5 . 2 1 w i t h  0 .5  > m > 0 is  (Yen, 1975b) 
The d i s t r i b u t i o n  of i n t e n s i t y  g iven  i n  Eq. 5.22 is ob t a ined  from l i m i t e d  d a t a  
and t h e r e f o r e  t h e r e  is an u n c e r t a i n t y  i n  i t s  s p e c i f i c a t i o n  due t o  a f i n i t e  
l e n g t h  of r e c o r d .  S ince  t h e  r a i n f a l l  i n t e n s i t y  whose d i s t r i b u t i o n  is  b e i n g  
cons idered  c o n s i s t s  of t h e  l a r g e s t  v a l u e s  of t h e  r e c d r d  whe ther  t h e  annua l  
maximum s e r i e s  o r  annua l  exceedance s e r i e s  i s  used ,  i t  is r e a s o n a b l e  t o  
assume t h a t  t h e  i n t e n s i t y  i a c t u a l l y  f o l l o w s  a Type I extreme v a l u e  (Gumbel) T 
d i s t r i b u t i o n .  The s u b s c r i p t  T o f  i is  t o  emphasize t h a t  each v a l u e  of t h e  
i n t e n s i t y  corresponds t o  a p e r i o d  o f  T y r  as was expressed  i n  Eq. 5.15. 
According t o  Benjamin and C o r n e l l  (1970) ,  f o r  Gumbel d i s t r i b u t i o n  of i T , 
its expec ted  v a l u e  i n  T y r  is 
i n  which i i s  t h e  v a l u e  of i given  by Eqs. 5 . 2 1  o r  5.22 f o r  t h e  s p e c i f i e d  - 
0 
T y r  pe r iod .  Hence, s u b s t i t u t i o n  of Eqs. 5 . 2 1  and 5.23 i n t o  Eq. 5 .24 
y i e l d s  
The c o e f f i c i e n t  of v a r i a t i o n  of i (account ing  on ly  f o r  t h e  e f f e c t  of d e s i g n  T 
p e r i o d  T) i s  6 = h a r ( i T )  / qe Heaney (1971) showed t h a t  Var ( iT)  P- V a r ( i ) .  i T 
T h e r e f o r e ,  
From Eq. 5 .22,  m = 0.175, k = 1, a = 120 and b = 27. S u b s t i t u t i o n  of t h e s e  
v a l u e s  i n t o  Eqs. 5.25 and 5 .27 y i e l d s  = 3.40 i n .  / h r  and 6 = 0.160 T i T 
r e s p e c t i v e l y ,  f o r  T = 10 y r  and td = 30 min. 
5.4.1.2. E f f e c t  of dura t ion  - I n  t h e  r a t i o n a l  formula, the  r a i n f a l l  in ten-  
s i t y  i s  assumed t o  have a  du ra t ion  equa l  t o  t he  time of concent ra t ion  of 
the  drainage a r e a  upstream of t h e  design loca t ion .  This assumption on 
du ra t ion  i s  no t  n e c e s s a r i l y  c o r r e c t  and t h e  e r r o r  may be  considered i n  t h e  
modeling e r r o r  l a t e r  i n s t e a d  of here .  Even i f  t h e  e r r o r  of t h i s  time-of- 
concent ra t ion  assumption is discounted,  t h e r e  s t i l l  e x i s t s  a  p r e d i c t i o n  
e r r o r  f o r  the  dura t ion .  For t h e  r a i n f a l l  i n t e n s i t y  r e l a t i o n s h i p  descr ibed 
by Eq. 5.21, 
- 
The e f f e c t  of e r r o r  i n  du ra t ion  t on t h e  r a i n f a l l  i n t e n s i t y  iT can be d  
obtained through f i r s t  o rder  ana lys i s  on and then ad jus t ed  by a  f a c t o r  
a  
- - 
i /i y i e l d i n g  t h e  c o e f f i c i e n t  of v a r i a t i o n ,  
a  T 6id,  a s  
i n  which 6 is  t h e  c o e f f i c i e n t  of v a r i a t i o n . o f  t he  du ra t ion .  For t h e  d  
Urbana bas i n ,  
Assuming t h a t  t h e  es t imated  du ra t ion  can be of f  by 6 = 12.5% and f o r  d  
- 
t = 30 min, t h e  computed va lues  of 6 i s  0.049. d  i d  
5.4.1.3. E f f e c t  of S i z e  of Area - For a  given r e t u r n  per iod  and du ra t ion ,  
the average r a i n f a l l  i n t e n s i t y  tends t o  decrease  wi th  inc reas ing  s i z e  of 
a r ea .  For a  small  a r e a  of 10 a c  a s  d iscussed  i n  t h i s  example, t h e  e f f e c t  
i s  r e l a t i v e l y  small .  The e r r o r  can be assumed a s  6 = 0.001. i A 
5.4.1.4. E f f e c t  of Limited R a i n f a l l  Record - Because of t h e  l i m i t e d  number 
of y e a r s  of r a i n f a l l  record a v a i l a b l e  t o  e s t a b l i s h  t h e  va lues  i n  t h e  A t l a s  
(Her sh f i e ld ,  1963), s t a t i s t i c a l  u n c e r t a i n t i e s  e x i s t  i n  t he  e s t ima t ion  
procedure.  The con t r ibu t ion  of t he se  u n c e r t a i n t i e s  t o  t h e  o v e r a l l  uncer- 
t a i n t y  comes mainly from the  e s t ima t ion  of t h e  i n t e n s i t y  i given i n  t h e  
a  
A t l a s .  , The s t a t i s t i c a l  u n c e r t a i n t y  (measured by c o e f f i c i e n t  of v a r i a t i o n )  
o f  i i s  approximately equa l  t o  6 /& where N i s  t h e  number of yea r s  of 
a  i a  
record and 6 i s  t h e  c o e f f i c i e n t  of v a r i a t i o n  of i . The corresponding i a  a  
u n c e r t a i n t y  i n  i due t o  l i m i t e d  record  may be  ob ta ined  as  T  
For t h e  example cons idered ,  from Eq. 5.23, Var ( ia )  = 0.307 and i = 3.40 T  
i n . / h r .  Hence, f o r  a  50-yr  r eco rd ,  N = 50 and 6 = v5257/ (J5)  x  3.4) = 0.023. i r  
5.4.1.5. E f f e c t s  Due t o  E r ro r s  i n  In s t rumen ta t i on ,  Data Reading and Handling, 
I n t e r p o l a t i o n  - Avai lab le  in format ion  f o r  t h e  example is inadequate  f o r  a  
d e t a i l e d  p r o b a b i l i s t i c  a n a l y s i s  of t h e  u n c e r t a i n t i e s  due t o  t he se  e r r o r s .  
Hence, t h e  g ros s  u n c e r t a i n t y  i n  t h i s  group i s  s u b j e c t i v e l y  es t imated  t o  b e  
6 = 0.054. i e 
5.4.1.6. T o t a l  Uncertainty i n  R a i n f a l l  I n t e n s i t y  - This is given by the  
c o e f f i c i e n t  of  v a r i a t i o n  
Hence, f o r  t h e  p re sen t  example wi th  T  = 1 0  y r  and t = 30 min, Qi = 0.177. d  
5.4.2. Analysis  of Unce r t a in t i e s  i n  Design Discharge 
Besides t h e  r a i n f a l l  i n t e n s i t y ,  t h e r e  a r e  o t h e r  f a c t o r s  con t r ibu t ing  
t o  t he  unce r t a in ty  of t h e  design d ischarge  a s  i n d i c a t e d  i n  Eqs. 5.15 and 5.16. 
5.4.2.1.  Runoff C o e f f i c i e n t  - The weighted runoff  c o e f f i c i e n t  C i n  t h e  
r a t i o n a l  fo rmula  i s  computed from 
i n  which a = a /A where A i s  t h e  t o t a 1 , a r e a  of t h e  d r a i n a g e  b a s i n  and a is  j j j 
t h e  sub-area  hav ing  a r u n o f f  c o e f f i c i e n t  C There  are t h r e e  p o s s i b l e  ways j ' 
t o  account  f o r  t h e  two f a c t o r s ,  C .  and a i n  e s t i m a t i n g  t h e  u n c e r t a i n t y  i n  
- 
J j ' 
C. The f i r s t  is  t o  c o n s i d e r  t h a t  t h e r e  is  no u n c e r t a i n t y  i n  a s o  t h e  un- j ' 
c e r t a i n t y  i n  7 comes s o l e l y  from C Th is  may b e  a p r e f e r r e d  approach f o r  j ' 
w e l l  d e f i n e d  sub-a reas  such  as a t y p i c a l  c i t y  b lock .  The second way is  t o  
c o n s i d e r  t h a t  t h e r e  is  no u n c e r t a i n t y  i n  C s o  t h a t  a is t h e  o n l y  con- j j 
t r i b u t o r .  Th i s  approach is h i g h l y  i m p r a c t i c a l  s i n c e  C i s  d i f f i c u l t  t o  de- 
t e rmine  p r e c i s e l y  and even f o r  a p a r t i c u l a r  l o c a t i o n  C depends on r a i n f a l l  
i n t e n s i t y  and t i m e .  Also,  f o r  a g iven  l o c a t i o n  t h e  v a l u e  of C changes w i t h  
s e a s o n a l  v a r i a t i o n  and a l t e r n a t i o n  of l a n d  use .  The t h i r d  way i s  t o  a l l o w  
f o r  u n c e r t a i n t i e s  i n  b o t h  C ,  and a . This  i s  perhaps  t h e  most common J j 
approach as i n  p r a c t i c e  a d r a i n a g e  b a s i n  i s  o f t e n  s u b d i v i d e d  i n t o  c e r t a i n  
p e r c e n t a g e s  o f  permeable ,  semi-permeable and impermeable areas, o r  more 
p r e c i s e l y ,  t h e  p e r c e n t a g e s  o f  areas f o r  r o o f s  and b u i l d i n g s ,  r o a d s ,  dr iveways,  
p a t h s ,  lawns,  woods, e t c .  There is  u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h e  p e r c e n t a g e  
of area and C used f o r  each ca tegory .  As t h e  t h i r d  approach is  s u i t a b l e  
f o r  most l o c a t i o n s  t h i s  approach i s  adopted i n  t h e  example. Thus, by 
app ly ing  a f i r s t - o r d e r  a n a l y s i s  t o  Eq .  5.32,  
TABLE 5.1. Component Er rors  f o r  Runoff Coe f f i c i en t s  
Surf ace 
Driveways and 
sidewalks Roofs S t r e e t s  
* 
Range of C 0.75-0.85 0.75-0.95 0.70-0.95 j 
V a r i a b i l i t y  of C i/ j 
P r e d i c t i o n  e r r o r  
*Obtained from s tandard  r e fe rences ;  e .g . ,  Chow (1964, p. 14.8) 
//Assume uniform d i s t r i b u t i o n  over t he  range,  s e e  Appendix C f o r  
formulas; v a r i a b i l i t y  i n  terms of c o e f f i c i e n t  of v a r i a t i o n  
////In terms of  c o e f f i c i e n t  of v a r i a t i o n ,  assume C . v a r i e s  uniformly 
wi th in  t h e  middle t h i r d  of t h e  range,  s e e  ~ ~ ~ e a d i x  C f o r  formulas 
**s2 = ( v a r i a b i l i t y )  + ( p r e d i c t i o n  e r r o r )  2  
C j 
Although t h e  a ' s  a r e  somewhat dependent because they should add up t o  un i ty ,  j 
s t a t i s  t i c a l  independence among a l l  C .  ' s  and a 's a r e  assumed he re  f o r  s i m -  
J j 
p l i c i t y .  Besides,  t h e  e f f e c t  of dependence among a ' s  w i l l  diminish a s  .j j 
becomes l a rge .  Suppose the  drainage b a s i n  considered is  a h igh ly  developed 
a r e a  c o n s i s t i n g  of 40% roo f s ,  20% a s p h a l t  s t r e e t s  and 40% driveways and 
s idewalks.  The a n a l y s i s  of u n c e r t a i n t i e s  of t h e  components con t r ibu t ing  t o  
.Q i s  summarized i n  Table 5.1. The p r e d i c t i o n  e r r o r  f o r  cc i s  s u b j e c t i v e l y  C j 
and conserva t ive ly  assumed t o  b e  0.10. From the  va lues  i n  Table 5 .1  and 
E q s .  5.33 and 5.34, C = 0.825 and fiC = 0.071. 
5.4.2.2.  Drainage Basin Area - The e r r o r  i n  e s  t imat ing  drainage b a s i n  a r e a  
A comes mainly from two sources :  t he  unce r t a in ty  i n  determining the 
boundary of t h e  drainage b a s i n  and t h e  e r r o r  i n  measuring t h e  a rea .  Usually 
the  a r e a  i s  determined from a map. To ob ta in  an i d e a  on the  magnitude of 
t h i s  p r e d i c t i o n  e r r o r ,  34 engineering s tuden t s  were asked t o  i n s p e c t  a  3-sq 
m i  d ra inage  b a s i n  a t  Urbana, I l l i n o i s ,  and then determine t h e  a r e a  from a 
US Geological  Survey 7.5-min map. The average e r r o r  measured i n  terms of 
t he  c o e f f i c i e n t  of v a r i a t i o n  was found t o  b e  6 = 0.045. Hence, t he  A 1  
c o e f f i c i e n t  of v a r i a t i o n  desc r ib ing  t h e  es t imat ion  unce r t a in ty  a s soc i a t ed  
wi th  N persons each making one independent p r e d i c t i o n  i s  approximately 6Al/fi. 
Using 6 = 0.050 and assuming the  a r e a  is  es t imated  by one engineer  i n  t he  A 1  
p re sen t  example, the  p r e d i c t i o n  e r r o r  i n  terms of c o e f f i c i e n t  of v a r i a t i o n  
is  0.0501fi  = 0.050. The unce r t a in ty  a s soc i a t ed  wi th  the  accuracy of t h e  
map is  usua l ly  s m a l l  and is  assumed t o  have a  c o e f f i c i e n t  of v a r i a t i o n  of 
2  0.001. Accordingly nA = (d.050 + 0 . 0 0 1 ~ ) ~ ~ ~  = 0.050 f o r  A =  10 ac. 
5.4.2.3. Model Uncertainty - The co r rec t ion  f a c t o r ,  A L ,  accounting f o r  t he  
u n c e r t a i n t i e s  i n  t h e  use of t h e  r a t i o n a l  formula t o  model the  r a in fa l l - runof f  
r e l a t i o n s h i p  i s  r a t h e r  d i f f i c u l t  t o  a s s e s s  p r e c i s e l y .  It is w e l l  known t h a t  
t he  r a t i o n a l  formula is an approximation. Even i f  t h e  va lues  of C ,  i ,  and 
A could be determined p r e c i s e l y ,  t he  r a t i o n a l  formula can only p r e d i c t  the  
peak runoff r a t e  approximately because of the  non l inea r  e f f e c t s  involved 
i n  the s u r f a c e  runoff phenomenon. The r a t i o n a l  formula may over o r  under- 
e s t ima te  t h e  peak runoff r a t e  depending on t h e  condi t ions  encountered. A 
- 
pre l iminary  a n a l y s i s  summarized i n  Appendix B g ives  t h e  va lue  X = 1.0 and L 
5.4.2.4. Uncertainty i n  Design Discharge - With t h e  va lues  of t h e  mean and 
/ 
c o e f f i c i e n t  of v a r i a t i o n  of X C, i, and A ca l cu la t ed  a s  descr ibed  above, LJ 
the  t o t a l  unce r t a in ty  i n  the design d ischarge ,  i2 can be  computed using QL' 
Eq. 5.16. Correspondingly, and Q can be computed using Eq. 5.15 and L 0 
- 
Eq. 5.14. The computed values of Q 
0 , 
QL and i2 a r e  26.0 c f s ,  28.1 c f s  QL 
and 0.281, r e s p e c t i v e l y ,  f o r  the  10-ac Urbana b a s i n  f o r  10-yr design per iod  
and 30 min dura t ion .  
5.4.3. Analysis of Unce r t a in t i e s  i n  Sewer Capacity 
Because sewer flows a r e  unsteady and nonuniform, un le s s  t h e  
S t .  Venant equat ions  a r e  used together  wi th  r e a l i s t i c a l l y  s p e c i f i e d  i n i t i a l ,  
upstream, and downstream condi t ions ,  the  sewer flow capac i ty  cannot be  
accu ra t e ly  determined. Using t h e  Manning formula, t h e  e r r o r  i n  e s t ima t ing  
t h e  sewer capac i ty  i s  expressed by Eq. 5.20. The four  parameters 
con t r ibu t ing  t o  t he  unce r t a in ty  a r e  eva lua ted  a s  fo l lows:  
5.4.3.1. E f f e c t  of Pipe Roughness - The unce r t a in ty  i n  Manning's roughness 
f a c t o r  comes mainly from the  slimming of t he  p ipe  w a l l  and v a r i a t i o n s  i n  
t he  s i z e  and d i s t r i b u t i o n  of t h e  s u r f a c e  roughness. Other f a c t o r s ,  such 
a s  dev ia t ion  of t h e  sewer diameter from the  nominal s i z e ,  have a  n e g l i g i b l e  
e f f e c t  on the  va lue  of n. For most concre te  sewer p ipes  n ranges from 0.013 
t o  0.017. Assuming a  t r i a n g u l a r  d i s t r i b u t i o n  of n  over  t h i s  range wi th  peak 
a t  t he  mean = 0.015 and us ing  t h e  formula given i n  Appendix C ,  t h e  cor res -  
ponding c o e f f i c i e n t  of v a r i a t i o n  fi = 0.0553. 
n  
5.4.3.2. E f f e c t  of Sewer Diameter - There a r e  two major sources  of un- 
c e r t a i n t y  i n  t h e  sewer diameter.  One is t h e  manufacturer ' s  t o l e r a n c e  f o r  
t he  p ipe .  The o t h e r  is  t h e  s i z e  reduc t ion  due t o  d e p o s i t i o n ,  which is  
t r a d i t i o n a l l y  accounted f o r  a s  change of r e s i s t a n c e  c o e f f i c i e n t  and hence 
n o t  considered he re .  The to l e r ance  of a  sewer p i p e  depends on t h e  m a t e r i a l  
and t h e  manufacturer .  Assuming a  t o l e r ance  of k1.0 i n .  and a  uniform d i s -  
- 
t r i b u t i o n  over t h i s  range f o r  a 5 - f t  p ipe ,  t he  mean diameter  d  = 5.0 f t  and 
us ing  t h e  formula given i n  Appendix C,  Od = 0.578 (61  - 5 9 ) / ( 6 1  + 59) 
= 0.0098. The va lue  of fi would vary f o r  sewers of d i f f e r e n t  s i z e s  and d 
m a t e r i a l s .  However, s i n c e  t he  va lue  i s  r e l a t i v e l y  sma l l ,  
nd = 0.010 may be  
considered s a t i s f a c t o r i l y  r ep re sen t ing  o t h e r  condi t ions .  
5.4.3.3.  E f f e c t  of Sewer Slope - Uncer t a in t i e s  on sewer s l o p e  come mainly 
from sewer misalignment and crookedness of t h e  p i p e  a s  w e l l  a s  s e t t l e m e n t ,  
and a r e  worse f o r  s m a l l  s l opes .  A s l o p e  w i th  a  6-in. drop i n  500 f t  i s  
n o t  uncommon f o r  f l a t  land a s  i n  c e n t r a l  I l l i n o i s .  Assuming an e r r o r  of 
+ 1 i n .  f o r  t h e  6-in. drop and a  symmetric t r i a n g u l a r  d i s t r i b u t i o n  over 
t h i s  range of e r r o r ,  t he  e r r o r  is  fiS = 0.068 f o r  5 = 0.001. 
5.4.3.4. E f f e c t  of Equation Er ror  - Urban s torm f l o o d  flows a r e  h igh ly  un- 
s t eady  and nonuniform; hence, t he  use  of Manning' s formula r e s u l t s  i n  addi- 
t i o n a l  unce r t a in ty .  A s t a t i s t i c a l  a n a l y s i s  of t h e  r e s u l t s  on s torm sewer 
des ign  by Yen and Sevuk (1975) i n d i c a t e s  t h a t  ym = 1.1. Assuming a  t r i a n -  
g u l a r  d i s t r i b u t i o n  of Am from 0 . 8  t o  1 .4  w i t h  t h e  mode a t  1.1, g ives  
am = 0'11. 
! 
I 5.4.3.5. T o t a l  Uncertainty i n  Sewer Capacity - With t h e  va lues  of mean and 
c o e f f i c i e n t  of v a r i a t i o n  f o r  X S,  d, and n eva lua t ed  f o r  a 5 - f t  diameter  
m ' 
concre te  p ipe  i n  Urbana, t he  sewer capac i ty  and t h e  a s s o c i a t e d  t o t a l  un- 
c e r t a i n t y  can be  computed using Eqs. 5.19 and 5.20 a s  TC = 78.6, c f s  and 
fi = 0.130, r e spec t ive ly .  The computed r e s u l t s  a r e  summarized i n  Table  5.2. Q c 
I 
! 
1 5.4.4. Construct ion of Risk-Safety Fac tor  Curves 
- - 
i Combining t h e  va lues  of Q o ,  QL, QC,  h n d  fi es t imated  f o r  t h e  
1 
Q L Q c 
example Urbana b a s i n  f o r  a r a i n f a l l  of 30-min du ra t i on  and 10-yr design 
1 pe r iod  and f o r  a 5 - f t  diameter  concre te  sewer p ipe ,  
Risk = ( [ 1n(28.1/78e6)2 
= ( (-3.674) = 0.00012 
( 0 . 2 4 8 ~  + 0.130 ) 
from Eq. 5.7 and t h e  corresponding s a f e t y  f a c t o r  SF = 78.6/26.0 = 3.02 from 
Eq. 5.13. This  p a i r  of values  c o n s t i t u t e s  p o i n t  A on t h e  r i s k - s a f e t y  f a c t o r  
curve a s  shown i n  Fig.  5.1. 
To ob ta in  o the r  p o i n t s  f o r  t h e  r i s k - s a f e t y  f a c t o r  curves ,  t h e  above 
procedure is  f i r s t  r epea t ed  f o r  d i f f e r e n t  p i p e  s i z e s ,  keeping o t h e r  condi- 
t i o n s  unchanged. Accordingly, 6 and Q w i l l  change, l e ad ing  t o  a set of c Q C 
p o i n t s  shown a s  t r i a n g l e s  i n  Fig.  5.1. The e n t i r e  procedure i s  r epea t ed  
aga in  f o r  a d i f f e r e n t  du ra t i on ,  say  60 min, keeping t h e  des ign  pe r iod  unchanged, 
r e s u l t i n g  i n  another  set of p o i n t s ,  shown a s  open c i r c l e s  i n  Fig.  5.1.  A s  
t he  e f f e c t  of du ra t i on  appears  t o  be  sma l l ,  the  risk-SF r e l a t i o n s h i p  f o r  a 
given des ign  pe r iod  may be  represen ted  by a s i n g l e  curve a s  shown by t h e  
s o l i d  l i n e .  
The procedure can be  repea ted  and curves f o r  d i f f e r e n t  design 
per iods  can be  e s t a b l i s h e d .  Such p l o t s  have been shown elsewhere (Tang e t  a l .  , 
1975) and reproduced h e r e  f o r  T = 2,  5 ,  25, 50, and 100 y r  a s  Fig.  5.2. It 
TABLE 5.2. Unce r t a in t i e s  f o r  an Example Sewer 
Parameter M e  an 
Coef. of 2 2 2 n + "c) 
Va r i a t i on  
C 0.825 ' 0.071 8.2 6.4 
i 3.40 in . / h r  0.177 51.1 40.0 
A 10.0 a c r e s  0.050 4.0 3.2 
A, 1.00 0.15 36.7 28.7 
Q, 28.1 c f s  0.248 100.0 78.3 
Parame ter Me an 
Coef. of an2 /n2 2 2 2 an + "c) 
Va r i a t i on  
c 78.6 c f s  0.130 100.0 21.7 
Note: 1. a i s  t h e  c o e f f i c i e n t  of t h e  terms i n  Eq. 5.20. 
2. Analysis  i s  based on a 10-ac dra inage  a r e a  a t  Urbana, Ill. w i t h  
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is s u g g e s t e d  t h a t  t h e  r e p e t i t i v e  computations invo lved  b e  b e s t  done on 
a d i g i t a l  computer. 
5.5. U s e  of Risk-Safety F a c t o r  Curves f o r  Design 
I n  u s i n g  t h e  r i s k - s a f e t y  f a c t o r  curves  f o r  d e s i g n ,  t h e  e n g i n e e r  
no l o n g e r  needs  t o  de te rmine  t h e  d e s i g n  r e t u r n  p e r i o d  a r b i t r a r i l y .  The 
c o n t r o l  f a c t o r  i s  t h e  l e v e l  of p r o t e c t i o n  s o u g h t  e x p r e s s e d  as chance of 
f a i l u r e ,  i . e . ,  r i s k ,  f o r  t h e  expec ted  l i f e  o f  t h e  p r o j e c t .  The r e t u r n  
p e r i o d  becomes an i n t e r m e d i a t e  r e f e r e n c e  paramete r  which i s  chosen t o  b e  
e q u a l  t o  t h e  expec ted  s e r v i c e  l i f e  of t h e  sewer f o r  convenience.  T h i s  
p o i n t  i s  b e s t  i l l u s t r a t e d  by an example. 
Suppose t h e  s i z e  of t h e  sewer  i s  t o  b e  de te rmined  f o r  t h e  Urbana 
b a s i n  a l lowing  a r i s k  of f a i l u r e  of 2% f o r  t h e  10-yr expec ted  p e r i o d  of 
s e r v i c e  of t h e  sewer.  Using t h e  10-yr curve,  t h e  r e q u i r e d  s a f e t y  f a c t o r  
is 1.9 .  To de te rmine  Q from t h e  r a t i o n a l  formula  as i s  c o n v e n t i o n a l l y  
0 
done, i t  i s  n e c e s s a r y  f i r s t  t o  de te rmine  t h e  d u r a t i o n  which is assumed 
e q u a l  t o  t h e  t ime of c o n c e n t r a t i o n .  Var ious  fo rmulas  and graphs  have  been  
proposed t o  estimate t h e  t i m e  of c o n c e n t r a t i o n  and a l l  have s e v e r e  l i m i t a -  
t i o n s .  Using a r b i t r a r i l y  t h e  Ki rp ich  formula  (Chow, 1964, p.  14.7) , which 
may n o t  b e  v a l i d  f o r  t h e  c o n d i t i o n  cons idered ,  w i t h  t h e  b a s i n  l e n g t h  e q u a l  
t o  1080 f t  and 'average s l o p e  of 0.001, t h e  t i m e  of  c o n c e n t r a t i o n  is 
e v a l u a t e d  as 
Hence, from Eq. 5.22 w i t h  T = 10 y r  and td = 24 min, i = 3.62 i n .  / h r .  
0 
With C = 0.825 and A = 10 a c ,  Q is computed u s i n g  Eq. 5.14 as 29.9 c f s .  
Accordingly ,  < = SF x Q o  = 1.9 x 29.9 = 56.9 c f s .  The d e s i g n  d i s c h a r g e  C 
QC = Q / A  = 56.911.1  = 51.6 c f s .  Assuming c o n c r e t e  p i p e  w i t h  roughness C m 
n = 0.016 due t o  sl imming, t h e  r e q u i r e d  d iamete r  can b e  computed from 
Eq .  5.18 a s  1.91 f t .  Thus a concrete  p ipe  wi th  a 2 f t  nominal diameter 
is  adopted. 
Suppose the  2- f t  sewer was l a i d  and i t  was found l a t e r  t h a t  t he  
sewer could poss ib ly  b e  used f o r  50 y r  i n s t e a d  of 10 y r .  For t h e  50 y r  
expected l i f e ,  the r i s k  i s  h ighe r  than t h a t  of 2% of t h e  o r i g i n a l  design,  
and can b e  ca l cu la t ed  from 
(SF), ( Q C / ~ o ) a  - qob 
-=  
(SF)b (QC /qolb Qoa 
With SF = 1.43, from t h e  50-yr curve i n  Fig.  5.2, t h e  r i s k  i s  0.12 f o r  the  
50-yr period. 
Chapter 6.  HYDRAULIC CONSIDERATIONS 
Sewer f lows produced by r a i n s t o r m s  v a r y  r a p i d l y  w i t h  t i m e ,  and 
t h e y  are s u b j e c t  t o  dynamic e f f e c t s  caused by t h e  sewers  and j u n c t i o n s .  
P r e c i s e  mathemat ical  s i m u l a t i o n  of such  uns teady  f lows i n  a  network is  
d i f f i c u l t  and r e q u i r e s  e x t e n s i v e  computer c a p a b i l i t y .  I n  t h i s  c h a p t e r  a 
b r i e f  t h e o r e t i c a l  background i s  f i r s t  p r e s e n t e d  and v a r i o u s  r o u t i n g  models 
are reviewed. The r o u t i n g  methods s e l e c t e d  f o r  use  i n  t h e  d e s i g n  models 
are t h e n  d i s c u s s e d .  These methods r e f l e c t  a  b a l a n c e  between accuracy of 
r e s u l t s  and computer time r e q u i r e d  f o r  l e a s t - c o s t  sewer sys tem d e s i g n s .  
6.1. Theore t i c a l  C o n s i d e r a t i o n s  
Unsteady g r a v i t y  f lows  i n  sewers can be  r e p r e s e n t e d  mathemat ica l ly  
by a  p a i r  o f  q u a s i - l i n e a r  h y p e r b o l i c  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  c a l l e d  
t h e  S t .  Venant e q u a t i o n s :  
i n  which Q is. t h e  d i s c h a r g e ;  t i s  t i m e ;  x  i s  t h e  d i s t a n c e  a long  t h e  sewer;  
A and h  are t h e L  c r o s s  s e c t i o n a l  area and dep th  above t h e  i n v e r t  (measured 
normal  t o  x)  of t h e  f low,  r e s p e c t i v e l y ;  8  i s  t h e  a n g l e  between t h e  sewer 
a x i s  and a  h o r i z o n t a l  p l a n e ;  S  = s i n 8  i s  t h e  sewer s l o p e ;  S  i s  t h e  
0 f  
f r i c t i o n  s l o p e ;  g i s  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n ;  and B is  t h e  momentum 
f l u x  c o r r e c t i o n  f a c t o r  which is  o f t e n  assumed e q u a l  t o  u n i t y .  Complicated 
as t h e y  a p p e a r ,  t h e  S t .  Venant e q u a t i o n s  a r e  n o t  e x a c t  b u t  p r o v i d e  a  good 
approximate  d e s c r i p t i o n  of unsteady sewer  f low (Yen, 1973b; 1975a) .  They 
can b e  s o l v e d  n u m e r i c a l l y  i f  one i n i t i a l  and two boundary c o n d i t i o n s  a r e  
s p e c i f i e d .  When t h e  f low i s  s u p e r c r i t i c a l ,  t h e  two boundary c o n d i t i o n s  
i 
a r e  furn ished  by t h e  flow condi t ions  a t  t h e  upstream end of t h e  sewer which 
can h e  obta ined  through computations f o r  upstream sewers and junc t ions .  
When t h e  sewer flow is s u b c r i t i c a l ,  one boundary cond i t i on  is given by an 
upstream flow cond i t i on  whereas t h e  second r equ i r e s  a flow condi t ion  a t  t he  
downstream end of t h e  sewer. However, a t  any i n s t a n t  of t i m e  t h i s  down- 
s t ream condi t ion  is unknown s i n c e  i t  depends on t h e  f low cond i t i ons  i n  t h e  
downstream manhole and t h e  sewers connected t o  i t .  The e f f e c t  of t h e  
downstream system on the  flow i n  a sewer i s  c a l l e d  t h e  backwater e f f e c t .  
One p o s s i b l e  approach t o  t h i s  problem is  by s e t t i n g  up t h e  flow equat ions  
f o r  a l l  t h e  sewers and junc t ions  and s o l v e  them simultaneously.  Such an 
approach i s  h i g h l y  imprac t i ca l  because of t h e  excess ive  computational 
requirements involved. Hence, a l t e r n a t e  s o l u t i o n  methods must be sought.  
The succes s ive  overlapping Y-segment scheme used i n  t h e  ISS model (Sevuk 
e t  a l . ,  1973) is one f e a s i b l e  approach. I n  t h a t  s tudy  a method f o r  
s e l e c t i o n s  of sewer diameters  i n  a network based s o l e l y  on hydrau l i c s  has  
been developed. Fu r the r  d i scuss ion  on t h e  a p p l i c a t i o n  of t h e  S t .  Venant 
equat ions  t o  sewer flows and s o l u t i o n  methods can be found i n  Yen (1973a) 
and Sevuk (1973) and i s  n o t  repea ted  here .  It can be  concluded t h a t  w i th  * 
t he  p re sen t  computer c a p a b i l i t i e s  and numerical s o l u t i o n  techniques ,  
adopt ion of t h e  complete S t .  Venant equat ions  i n t o  any of t h e  l e a s t - c o s t  
des ign  models developed i n  t h i s  s tudy  i s  imprac t i ca l .  Various approxima- 
t i o n s  of t h e  S t .  Venant equat ions  have been used a s  r o u t i n g  models. Each 
has  advantages and disadvantages and i t s  s u i t a b i l i t y  depends on t h e  
s p e c i f i c  app l i ca t ion .  A gene ra l  d i scuss ion  of t hese  approximations is 
presented ,  followed by a d e t a i l e d  p r e s e n t a t i o n  of t he  r o u t i n g  a n a l y s i s  
adopted i n  t h e  des ign  models. The d i f f u s i o n  wave approximation i s  no t  
presented  because i t  a l s o  r e q u i r e s  two boundary cond i t i ons  l i k e  t h e  
S t .  Venant equat ions .  
6.2. Routing Methods 
The S t .  Venant equat ions  d e s c r i b e  mathematical ly  t h e  propagat ion 
of t he  f lood  waves of t h e  s torm runof f s  i n  sewers, and hence rou t ing  of t he  
flow us ing  these  equat ions  i s  sometimes r e f e r r e d  t o  a s  dynamic wave rou t ing .  
Because of t h e  d i f f i c u l t i e s  i n  so lv ing  t h e  S t .  Venant equat ions  var ious  
approximations of the  equat ions  have been proposed. From a hydrau l i c s  
viewpoint ,  these  approximations can be c l a s s i f i e d  a s  shown i p  Fig.  6.1. 
Diffusion-Wave Approximation 
Dynamic-Wave Model 
Fig. 6 . 1  HYDRAULIC ROUTING SCHEMES 
, 
6.2.1. Steady Flow Approximations 
A s  shown i n  Fig. 6 .1 t h e  s imp les t  among t h e  d i f f e r e n t  approxima- 
t i o n s  i s  t h e  kinematic wave approximation. Severa l  ve r s ions  e x i s t  w i t h i n  
t h i s  category.  The most elementary of t h e s e  ve r s ions  i s  expressed a s  
wi th  Sf es t imated  by t h e  Manning, Darcy-Weisbach, o r  s i m i l a r  formulas.  No 
a d d i t i o n a l  equat ion  r e l a t i n g  t o  conserva t ion  of mass is used. The r e s u l t  
i s  a s t eady  uniform flow approximation. The r equ i r ed  sewer diameter can 
then be computed by us ing  equat ions  l i k e  Eqs. 3 .1  o r  3.6. This  
approximation has  been termed s teady  flow methods i n  Sec t ion  3.1.1 and can 
be used wi th  i n p u t s  c o n s i s t i n g  of e i t h e r  i n l e t  ca tch  b a s i n  hydrographs o r  
merely i n l e t  peak d ischarges .  The peak i n l e t  and upstream sewer d ischarges  
a r e  simply added toge the r  g iv ing  no cons ide ra t ion  t o  t h e  d i f f e r e n c e s  i n  
flow time i n  t h e  sewers. This no-time l a g  ve r s ion  can a l s o  be appl ied  t o  
t h e  case  wi th  i n l e t  hydrographs a s  i npu t  i n s t e a d  of merely peak d ischarges .  
However, because of the  negl igence of poss ib l e  d i f f e r e n t  t imes of occur- 
rence of peak d ischarges  from d i f f e r e n t  sewer l i n e s  and i n l e t s ,  t h i s  
steady-flow, no rou t ing ,  no time-lag method tends t o  produce h igh  peak flows 
a s  t he  computation proceeds downstream and hence r e s u l t s  i n  over design.  
A cons iderable  improvement on the  above ve r s ion  i s  t o  cons ider  
t h e  l a g  time of t h e  hydrographs due t o  t he  t r a v e l  time i n  t h e  sewers. 
P r e c i s e  eva lua t ion  of t h e  sewer t r a v e l  time is  a complicated ma t t e r  and can 
only be achieved through us ing  dynamic wave rou t ing .  However, a s imple 
approximation can e a s i l y  be  obtained by s h i f t i n g  the  sewer inf low hydro- 
graph without  any d i s t o r t i o n  by 
i n  which L is  t h e  l eng th  of t h e  sewer and V i s  a sewer flow v e l o c i t y .  The 
v e l o c i t y  V can be approximated by using t h e  Manning formula assuming 
j u s t - f u l l  g r a v i t y  p ipe  flow 
o r  t h e  Darcy-Weisbach fo rmula  (Eq. 5 . 1 7 ) ,  o r  by 
i n  which Q i s  t h e  peak d i s c h a r g e .  Use of Eq. 6 .6  is p r e f e r r e d  because  i t  
P 
g i v e s  a smaller v a l u e  of V and hence is c l o s e r  t o  t h e  a v e r a g e  v e l o c i t y  t h a n  
by Eq. 6.5. The sewer ou t f low is t h e  s h i f t e d  hydrograph,  and t h e s e  hydro- 
g raphs  f o r  t h e  sewers  f lowing  i n t o  a j u n c t i o n  o r  manhole are added l i n e a r l y  
t o  t h e  manhole d i r e c t  i n f l o w  hydrograph u s i n g  a common t i m e  s c a l e  a c c o r d i n g  
t o  t h e  c o n t i n u i t y  r e l a t i o n s h i p  (Eq. 3.9) t o  produce t h e  i n f l o w  hydrograph 
o f  t h e  downstream sewer. An example showing t h e  l i n e a r  combinat ion of t h e  
hydrographs  o f  two i n f l o w i n g  sewers  t o  produce t h e  i n f l o w  hydrograph f o r  
t h e  downstream sewer  is shown i n  F ig .  6.2. po in t - type  j u n c t i o n  w i t h  
i n s i g n i f i c a n t  s t o r a g e  c a p a c i t y  is i l l u s t r a t e d  f o r  s i m p l i c i t y .  S i n c e  t h e  
sewer f low c o n t i n u i t y  e q u a t i o n  is n o t  cons idered  i n  any form, i n  t h e  hydro- 
g raph  s h i f t i n g  as w e l l  as t h e  n o  t i m e  l a g  v e r s i o n  o f  t h e  s t e a d y  f low method 
t h e  e f f e c t  of sewer  s t o r a g e  is comple te ly  ignored .  
6.2.2.  L i n e a r  Kinemat ic  Wave Approximations 
A somewhat more complex k i n e m a t i c  wave model u t i l i z e s  a l i n e a r  
s t o r a g e  f u n c t i o n ,  u s u a l l y  Eq. 3.2 o r  i t s  v a r i a t i o n s .  T h i s  is coupled w i t h  
Eq. 6.3 t o  r e p r e s e n t  t h e  sewer f low.  The l i n e a r  s t o r a g e  f u n c t i o n  i s  
a c t u a l l y  a l i n e a r  approximat ion of t h e  c o n t i n u i t y  e q u a t i o n  (Eq. 6.1) and 
t h e  methods u s i n g  t h i s  approach can  b e  termed as l i n e a r  k i n e m a t i c  wave 
methods from a  h y d r a u l i c  v iewpoint .  Again t h e  f r i c t i o n  s l o p e  S i n  Eq. 6 .3  f  
i s  e v a l u a t e d  by u s i n g  t h e  Manning o r  Darcy-Weisbach fo rmulas .  T y p i c a l  
examples of l i n e a r  k i n e m a t i c  wave r o u t i n g  are t h e  Chicago Hydrograph, TRRL, 
and ILLUDAS methods d i s c u s s e d  i n  S e c t i o n  3.1. The c o n s i d e r a t i o n  o f  sewer 
s t o r a g e  makes l i t t l e  improvement i n  t h e  d e s i g n  r e s u l t s  a s  compared t o  t h e  
Time, min Flow time i n  sewer 1 = 15 min 
Inf low hydrographs  of sewers  Flow time i n  sewer 2 = 10 min 
Time, rnin 
Outflow hydrographs  of sewers  
Time, min 
In f low hydrograph f o r  sewer 3 
F ig .  6 .2 .  S h i f t i n g  o f  Hydrographs f o r  S teady  Flow Time 
Lag Method 
t ime-sh i f ted  hydrograph ve r s ion  of t h e  s t eady  flow method (Yen and Sevuk, 
1975) because at  design d i scha rges  t h e  sewers a r e  flowing n e a r l y  f u l l .  
6.2.3. Nonlinear  Kinematic Wave Approximations 
B a s i c a l l y ,  t h e  non l inea r  k inemat ic  wave r o u t i n g  method u t i l i z e s  
Eq. 6.3 t oge the r  wi th  t h e  unsteady flow c o n t i n u i t y  equa t ion  (Eqs. 6 . 1  o r  
3.12).  The f r i c t i o n  s l o p e  S i n  Eq. 6.3 i s  eva lua ted  us ing  t h e  Manning f  
formula 
o r  the  Darcy-Weisbach formula 
i n  which R i s  t h e  hyd rau l i c  r ad ius  and A i s  t h e  flow c r o s s  s e c t i o n a l  a r e a  
which i s  a  func t ion  of R. The e l imina t ion  of t h e  i n e r t i a l  and p re s su re  
terms i n  t h e  momentum equat ion  (Fig.  6.1) e l i m i n a t e s  one boundary cond i t i on  
requirement (namely, t h e  downstream boundary cond i t i on )  f o r  numerical  
s o l u t i o n  of t h e  p a r t i a l  d i f f e r e n t i a l  equa t ion .  This  s i m p l i f i c a t i o n  permi ts  
t h e  s o l u t i o n  t o  proceed i n  t h e  downstream d i r e c t i o n  sewer-by-sewer i n  
sequence i n  a  cascading manner. Thus, i t  cons iderab ly  reduces t h e  requi re -  
ments f o r  computer s i z e  and t i m e  a s  compared t o  t h e  dynamic wave model. 
The i n c l u s i o n  of  t h e  unsteady flow c o n t i n u i t y  equa t ion  a l s o  accounts  f o r  
sewer s t o r a g e  more r e a l i s t i c a l l y  than  does t h e  l i n e a r  kinematic  approxi- 
mation. However, e l imina t ion  of t h e  need of t h e  downstream boundary 
cond i t i on  a l s o  e l imina t e s  t h e  mechanism t o  account f o r  t h e  downstream 
backwater e f f e c t  f o r  s u b c r i t i c a l  f lows. 
Even wi thou t  s e r i o u s  backwater  e f f e c t s ,  t h e  accuracy  and a p p l i c -  
a b i l i t y  o f  t h e  n o n l i n e a r  k i n e m a t i c  wave approximat ion depends on t h e  
numer ica l  p rocedure  used  f o r  s o l u t i o n .  Var ious  f i n i t e  d i f f e r e n c e  numer ica l  
s o l u t i o n  schemes have been proposed t o  s o l v e  t h e  h y p e r b o l i c  p a r t i a l  
d i f f e r e n t i a l  e q u a t i o n s  which i n c l u d e  t h e  n o n l i n e a r  dynamic wave, quas i - s t eady  
dynamic wave, and k i n e m a t i c  wave approximat ions  (Sevuk and Yen, 1973; P r i c e ,  
1974; L i g g e t t  and Woolhiser ,  1967).  Sevuk and Yen (1973) have shown t h a t  
first- and second-order  method of c h a r a c t e r i s t i c s  and a f o u r - p o i n t ,  non- 
c e n t r a l ,  i m p l i c i t  scheme a r e  s u p e r i o r  t o  o t h e r  f i n i t e  d i f f e r e n c e  schemes i n  
s o l v i n g  unsteady open channel  f low problems i n c l u d i n g  f low i n  sewers .  
Fread (1974) a l s o  s u g g e s t s  t h e  u s e  o f  t h e  four -po in t  n o n c e n t r a l  i m p l i c i t  
scheme which p e r m i t s  independen t  l a r g e  t i m e  and space  i n c r e m e n t s ,  A t  and A X ,  
r e s p e c t i v e l y ,  i n  t h e  computat ions  r e s u l t i n g  i n  s a v i n g s  i n  computer t ime. 
T h e o r e t i c a l l y ,  t h e r e  i s  no wave a t t e n u a t i o n  f o r  n o n l i n e a r  k ine-  
m a t i c  models because  t h e  a t t e n u a t i o n  mechanism i s  e l i m i n a t e d  by n e g l e c t i n g  
t h e  i n e r t i a l  and p r e s s u r e  t e r m s  i n  t h e  momentum e q u a t i o n .  However, s i n c e  
some type  of f i n i t e  d i f f e r e n c e  s o l u t i o n  scheme i s  used ,  numer ica l  e r r o r s  
a r e  i n e v i t a b l y  i n t r o d u c e d .  Such numer ica l  a t t e n u a t i o n  o f t e n  behaves  i n  a 
manner s imilar  t o  hydrodynamic a t t e n u a t i o n ,  making t h e  wave appear  t o  b e  
damped. Consequent ly ,  t h e  u s e  o f  a c o a r s e  g r i d  c r e a t e s  t h e  g r e a t e s t  
a p p a r e n t  a t t e n u a t i o n  whereas a  f i n e r  g r i d  reduces  t h e  numer ica l  e r r o r  and 
hence t h e  a t t e n u a t i o n  e f f e c t .  
S e v e r a l  v a r i a t i o n s  o f  t h e  n o n l i n e a r  k i n e m a t i c  wave r o u t i n g  
method have been proposed.  A modif ied scheme h a s  been sugges ted  i n  SWMM 
f o r  sewer f low r o u t i n g  as d i s c u s s e d  i n  S e c t i o n  3 .1 .  Cunge (1969) proposed 
a  n o n l i n e a r  k i n e m a t i c  wave method based on t h e  Muskingum method, i n  which 
a t r a d i t i o n a l  l i n e a r  h y d r o l o g i c  s t o r a g e  r o u t i n g  method i s  used i n  channel  
r o u t i n g .  By r e f e r r i n g  t o  t h e  time-space computa t iona l  g r i d  shown i n  
Fig .  3 .2 ,  t h e  Muskingum r o u t i n g  fo rmula  can b e  w r i t t e n  f o r  t h e  d i s c h a r g e  a t  
x  = ( i+l )Ax and t = ( j + l ) A t  as 
i n  which 
where K i s  termed as t h e  s t o r a g e  c o n s t a n t  hav ing  a dimension of t ime  and X 
is  a f a c t o r  e x p r e s s i n g  t h e  r e l a t i v e  importance o f  in f low.  Cunge showed 
t h a t  by t a k i n g  K and A t  as c o n s t a n t s ,  Eq. 6.9 i s  an  approximate  s o l u t i o n  of 
t h e  n o n l i n e a r  k i n e m a t i c  wave e q u a t i o n s  (Eqs. 6 . 1  and 6 . 3 ) .  H e  f u r t h e r  
demonstra ted t h a t  Eq. 6.9 can b e  c o n s i d e r e d  as an  approximate  s o l u t i o n  of a 
modif ied d i f f u s i o n  e q u a t i o n  i f  
and 
i n  which E: i s  a " d i f f u s i o n "  c o e f f i c i e n t  and c  is  t h e  c e l e r i t y  o f  t h e  f l o o d  
peak which can b e  approximated as t h e  l e n g t h  o f  t h e  r e a c h  d i v i d e d  by t h e  
f l o o d  peak t r a v e l  t i m e  through t h e  r e a c h .  Assuming K = A t  and d e n o t i n g  
a = 1-2X, Eq. 6.9 can b e  r e w r i t t e n  as 
I n  the  t r a d i t i o n a l  Muskingum method X and consequently a is  regarded a s  
constant .  I n  t h e  Muskingum method a s  modified by Cunge, a is  allowed t o  
vary  according t o  the  channel geometry and i s  computed a s  
i n  which B i s  t h e  s u r f a c e  width of the  flow and S i s  t h e  sewer s lope .  The 
0 
va lues  of a a r e  r e s t r i c t e d  between 0 and 1 so  t h a t  C C 2 ,  and C3 i n  Eq. 1 ' 
6.10 w i l l  no t  be negat ive .  
The Muskingum-Cunge method o f f e r s  two advantages over  the  
s tandard  non l inea r  kinematic  wave methods. F i r s t ,  the  s o l u t i o n  is  obtained 
through a l i n e a r  a lgebra i c  equat ion  (Eq.  6.9 o r  Eqs. 6.13 and 6.14) in s t ead  
of a  p a r t i a l  d i f f e r e n t i a l  equat ion,  permi t t ing  t h e  e n t i r e  hydrograph t o  be 
obtained a t  success ive  cross  s e c t i o n s  in s t ead  of so lv ing  f o r  t he  flow over  
t h e  e n t i r e  l eng th  of t h e  sewer p ipe  f o r  each time s t e p  as  f o r  t h e  s tandard  
\ 
non l inea r  kinematic  wave method. Second, because of t h e  use of Eq. 6.14, 
a  l i m i t e d  degree of wave a t t e n u a t i o n  i s  inc luded,  pe rmi t t i ng  a  more 
f l e x i b l e  choice of t he  time and space  increments f o r  t h e  computations a s  
compared t o  the  s tandard  kinematic  wave method. 
6.3. Se lec t ion  of Routing Methods 
As d iscussed  i n  the preceding two s e c t i o n s ,  t he  computer requi re-  
ments f o r  t he  dynamic wave (S t .  Venant equat ions)  and d i f f u s i o n  wave 
rou t ing  methods make them unsu i t ab le  f o r  i nco rpora t ion  i n t o  the  l eas t - cos t  
sewer system design models. Among the o t h e r  approximate methods of rou t ing ,  
t h e o r e t i c a l l y  t h e  non l inea r  kinematic  wave methods a r e  t h e  most accura te  
and s o p h i s t i c a t e d .  From t h e  view po in t  of flow s imula t ion  f o r  e x i s t i n g  
sewer systems, they a r e  c l e a r l y  supe r io r  t o  the  steady-flow and l i n e a r  
kinematic  wave approximations. However, from the  view p o i n t  of sewer design 
and because of t h e  d i s c r e t e  s i z e s  o f  commercial p i p e s ,  i t  is  p o s s i b l e  t h a t  
t h e  l i n e a r  k inemat ic  wave and s t e a d y  f low r o u t i n g  methods may produce 
similar de s igns  w i t h  l e s s  computer requ i rements  t han  t h e  n o n l i n e a r  k inemat ic  
wave method. S ince  t h e  r e l a t i v e  merits of  t h e s e  s imp le r  r o u t i n g  approxima- 
t i o n s  have n o t  been i n v e s t i g a t e d  when i nco rpo ra t ed  i n t o  l e a s t - c o s t  d e s i g n ,  
t hey  a r e  i n v e s t i g a t e d  i n  t h i s  s t udy .  S p e c i f i c a l l y ,  f o u r  r o u t i n g  methods 
are cons idered ;  namely, t h e  no  t ime l a g  s t e a d y  f low r o u t i n g  method, t h e  
hydrograph t ime l a g  method, t h e  s t a n d a r d  n o n l i n e a r  k inemat ic  wave method, 
and t h e  Muskingum-Cunge method. 
6.3.1. No Time Lag Steady Flow Method 
I 
I n  t h e  no t i m e  l a g  v e r s i o n  of t h e  s t e a d y  f low method t h e  peak d i s -  
charges  of t h e  j o i n i n g  sewers and t h e  d i r e c t  s u r f a c e  i n f l o w  a t  t h e  manholes 
are s imply  added t o  g i v e  t h e  de s ign  d i s c h a r g e  f o r  t h e  fo l lowing  sewers .  
For i n s t a n c e ,  i f  t h e  peak d i s cha rges  o f  t h e  two upstream sewers  f lowing 
i n t o  t h e  manhole a r e  Q and Q r e s p e c t i v e l y ,  and Q i s  t h e  d i r e c t  manhole 
P 1 ~2 ' j 
i n f l ow  r a t e ,  then t h e  de s ign  d i s cha rge  f o r  t h e  downstream sewer  ou t f lowing  
from t h e  manhole , Q p 3 3  i s  
A s  d i s c u s s e d  i n  S e c t i o n  6.2.1,  t h i s  method i s  t h e  s i m p l e s t  b u t  t h e  l e a s t  
a ccu ra t e .  N e i t h e r  t h e  wave t r a n s l a t i o n  t ime n o r  t h e  wave a t t e n u a t i o n  i s  
cons idered .  I t  tends  t o  over-design t he  downstream sewers  and i s  probably 
u n s u i t a b l e  f o r  use  i n  p r a c t i c e  excep t  f o r  very  s m a l l  systems.  However, 
t h i s  method i s  inc luded  i n  t h e  p r e s e n t  s t u d y  because of i t s  s i -mp l i c i t y  and 
because  i t  prov ides  a s imple  means t o  i l l u s t r a t e  how r i s k  components can 
be  i n c o r p o r a t e d  i n t o  t h e  l e a s t - c o s t  d e s i g n  of sewer systems.  
6.3.2 .  Hydrograph Time Lag Method 
The hydrograph t i m e  l a g  v e r s i o n  of t h e  s t e a d y  f low r o u t i n g  method 
h a s  been d i s c u s s e d  i n  d e t a i l  i n  S e c t i o n  6 .2 .1 .  The i n f l o w  hydrograph of a 
sewer i s  s h i f t e d  w i thou t  d i s t o r t i o n  by t h e  sewer f low t i m e  t e s t ima t ed  by f  
Eq. 6.4 t o  produce t h e  sewer ou t f low hydrograph. The sewer f low v e l o c i t y  i s  
approximated by Eq. 6.6. The ou t f low hydrographs of  t h e  upstream sewers a t  
a manhole are added l i n e a r l y  a t  t he  cor responding  t i m e s  t o  t h e  d i r e c t  man- 
h o l e  i n f l ow  hydrograph t o  produce t h e  i n f l ow  hydrograph f o r  t h e  downstream 
sewer as s p e c i f i e d  i n  Eq. 3.9 and shown i n  F ig .  6.2. The d i ame te r  of  t h e  
sewer can t hen  b e  computed u s ing  Eq. 3 . 1  w i th  Q be ing  t h e  peak d i s c h a r g e  of 
t h e  i n f l ow  hydrograph. 
T h e o r e t i c a l l y ,  s h i f t i n g  of hydrographs accounts  f o r  approximately  
t h e  sewer f low t r a n s l a t i o n  t i m e  b u t  o f f e r s  no wave a t t e n u a t i o n .  However, 
because  a c o n s t a n t  t i m e  increment  i s  used i n  t h e  numer ica l  s p e c i f i c a t i o n s  
of  t h e  hydrographs i n  t h e  computer program, t h e  peak f low may n o t  occu r  a t  
an even m u l t i p l e  of A t .  There fore ,  through l i n e a r  i n t e r p o l a t i o n  w i t h i n  any 
A t ,  a numer ica l  a t t e n u a t i o n  may b e  in t roduced .  
Th i s  method is  s imp le ,  has '  l i m i t e d  computer requ i rements  and y e t  
p rov ide s  r e s u l t s  which are g r e a t l y  improved ove r  t h e  no t ime l a g  v e r s i o n  
d i s cus sed  i n  S e c t i o n  6.3.1. Yen and 'sevuk (1975) has  shown t h a t  u s ing  t h i s  
method r e s u l t e d  i n  a sewer system des ign  which was v e r y  s i m i l a r  t o  t h a t  
ob t a ined  through t h e  more s o p h i s t i c a t e d  n o n l i n e a r  k inema t i c  wave method. 
6.3.3. Nonl inear  Kinematic Wave Method 
The t h e o r e t i c a l  background of  t h e  n o n l i n e a r  k inema t i c  wave method 
f o r  sewer f low r o u t i n g  h a s  been b r i e f l y  p r e sen t ed  i n  S e c t i o n s  6 . 1  and 6.2.3.  




i n  which t h e  f low c r o s s  s e c t i o n a l  area A and h y d r a u l i c  r a d i u s  R are bo th  
f u n c t i o n s  of  t h e  flow dep th  h. The i n i t i a l  c o n d i t i o n  f o r  a sewer i s  
d e f i n e d  by t h e  i n i t i a l  b a s e  f low from which t h e  f low dep th  and consequent ly  
A and R can b e  computed by u s ing  ~ a n n i n g ' s  formula  (Eq. 6.16) t o g e t h e r  w i t h  
t h e  geomet r ic  equa t i ons  shown i n  Fig .  3.1. The upstream boundary c o n d i t i o n  
f o r  each sewer i s  s p e c i f i e d  by t h e  i n f l ow  hydrograph of t h e  sewer, from 
which A and R can b e  computed a g a i n  u s ing  Eq. 6.16. The j u n c t i o n  c o n d i t i o n  
is t h e  c o n t i n u i t y  r e l a t i o n s h i p , ,  Eq. 3.9. 
Equat ions  6 . 1  and 6.16 a r e  so lved  numer i ca l l y  u s i n g  a  f ou r -po in t ,  
n o n c e n t r a l ,  i m p l i c i t  f i n i t e  d i f f e r e n c e  scheme, p roceed ing  sewer by sewer 
i n  t h e  downstream d i r e c t i o n .  Wi th in  each  sewer t h e  f low f o r  t h e  e n t i r e  
p i p e  f o r  a  g iven  t i m e  is  determined b e f o r e  proceeding t o  t h e  nex t  t i m e  
s t e p .  Not ing t h a t  
Eq. 6 . 1  can be  r e w r i t t e n  as 
which is  t h e  c o n t i n u i t y  equa t i on  expressed  i n  a  d i f f e r e n t  form than  Eq. 3.12. 
For p a r t i a l l y  f i l l e d  c i r c u l a r  p i p e s ,  
and using Manning's formula (Eq. 6.16) 
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i n  which the  c e n t r a l  angle  (Fig. 3.1) 
By r e f e r r i n g  t o  the  computational g r i d  shown i n  Fig. 3.2, t h e  p a r t i a l  de- 
r i v a t i v e s  i n  Eq. 6.19 a r e  approximated by forward d i f f e r e n c e  q u o t i e n t s  a s  
(Sevuk and Yen, 1973) 
The p a r t i a l  d e r i v a t i v e s  of t h e  flow c ross  s e c t i o n a l  a r e a  and d ischarge  i n  
Eqs. 6.17 and 6.18, r e s p e c t i v e l y ,  a r e  approximated by 
and 
S u b s t i t u t i o n  of Eqs. 6.23 through 6.26 i n t o  Eq. 6.19 y i e l d s  t h e  i m p l i c i t  
four-point  forward d i f f e r e n c e  equat ioh  
This equat ion  i s  nonl inear  only wi th .  r e s p e c t  t o  t he  unknown flow depth 
h i f ly  j+l s i n c e  B i+l, j+l and Gi+ly j+lcan both be expressed i n  terms of t h e  
depth (Eqs. 6.19 and 6.20) , and it can r e a d i l y  be  solved by '  us ing  ~ e w t o n ' s  
i t e r a t i o n  method. 
6.3.4. Muskingum-Cunge Method 
As discussed  i n  Sec t ion  6.2.3,  t h e  Muskingum-Cunge method (Eqs. 
6.13 and 6.14) y i e l d s  a  s o l u t i o n  of t h e  non l inea r  kinematic  wave equat ion.  
It can a l s o  be  considered a s  an approximate s o l u t i o n  of a  modified d i f f u s i o n  
equat ion.  The rou t ing  is done through so lv ing  an a l g e b r a i c  equat ion  (Eq.  
6.13) i n s t e a d  of a  p a r t i a l  d i f f e r e n t i a l  ( o r  f i n i t e  d i f f e r e n c e )  equat ion.  
The c o e f f i c i e n t  a i n  Eq. 6.13 is computed by using Eq. 6.14 f o r  each time 
and space po in t  of computation s i n c e  t h e  flow width B and cons tan t  K bo th  
change with r e s p e c t  t o  time and space. The va lues  of K a r e  computed by 
using Eq. 6 .11 wi th  t h e  c e l e r i t y  c  eva lua ted  by 
aQ c = -  
a A (6.28a) 
o r  f o r  a  p a r t i a l l y  f i l l e d  p ipe  using Manning's formula 
s i n  @ 
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The i n i t i a l  flow condi t ion  is computed from t h e  s p e c i f i e d  base  
flow as  i n  t h e  case  of non l inea r  kinematic  wave method. The sewer system 
in f lows  a r e  def ined  by t h e  in f low hydrographs a s  f o r  t h e  upstream boundary 
cond i t i on  of t h e  non l inea r  kinematic  wave method. With t h e  dfscharge  known 
t h e  flow depth and o t h e r  geometric parameters  can be  computed from t h e  
geometric equa t ions  given i n  Fig. 3.1. The junc t ion  cond i t i on  used i s  aga in  
t he  c o n t i n u i t y  r e l a t i o n s h i p ,  Eq. 3.9. 
I n  applying the  Muskingum-Cunge method t o  a  sewer system, t h e  
s o l u t i o n  i s  obta ined  over  t he  e n t i r e  time pe r iod  a t  a  flow c ros s  s e c t i o n  
be fo re  proceeding t o  t he  next  c ros s  s e c t i o n .  The s o l u t i o n  then  proceeds down- 
s t ream s e c t i o n  by s e c t i o n ,  and then sewer by sewer, i n  a  cascading sequence. 
I n  so lv ing  f o r  t he  hydrograph a t  a  c r o s s  s e c t i o n  of a  sewer,  t h e  computa- 
t i o n a l  procedure i s  descr ibed  a s  fol lows.  A computation t i m e  increment A t  1 
i s  determined a s  t h e  roundoff va lue  equa l  t o  o r  l e s s  t han  A X / C ~  where c  i s  1 
computed by us ing  Eq. 6.28b wi th  @ corresponding t o  t he  depth equa l  t o  0.6d. 
This  A t  i s  cons t an t  f o r  a  c r o s s  s e c t i o n  b u t  can vary  from s e c t i o n  t o  s e c t i o n .  1 
The hydrograph a t  t h e  immediate upstream s t a t i o n ,  c r o s s  s e c t i o n  iAx, which 
has  been s t o r e d  a t  every A t  t i m e  increment ,  is now p a r a b o l i c a l l y  i n t e r p o l a t e d  2 
t o  every  A t  and s t o r e d  f o r  f u t u r e  comput-at-fons. Tn us ing  Eq. 6.13 t o  1 
compute t he  d i scharge  Q::: f o r  c ros s  s e c t i o n  ( i + l )  Ax a t  s p e c i f i e d  t ime tj+l, 
a  r e f e r ence  t i m e  K is  f i r s t  computed by us ing  Eq. 6.11 wi th  t h e  c e l e r i t y  c  
eva lua ted  by Eq. 6.28b and @ corresponding t o  t he  flow a t  t h e  t i m e  tj+l - A t l  
a t  t he  same c ros s  s e c t i o n .  Subsequently a can be computed us ing  t h e  va lues  
of B and Q a t  t h e  same time tj+l - A t  a t  t h e  c ros s  s e c t i o n .  The va lue  of 1 
j f o r  t he  c u r r e n t  s e c t i o n  (i+l)Ax i s  obta ined  through l i n e a r  i n t e r p o l a t i o n  Qi+l 
f o r  the  t i m e  tj+l - K from the  p a r t  of t h e  hydrograph determined a t  p rev ious  
t imes,  whose o r d i n a t e s  have been s t o r e d  i n  t h e  computer a t  a  time i n t e r v a l  
A t 1  The va lues  of  Q j  and Qj+' a r e  l i n e a r l y  i n t e r p o l a t e d  f o r  t h e  t i m e s  i i 
j+1 - and from the  hydrograph of t h e  immediate upstream s e c t i o n  f o r  
which d i scha rge  va lues  have been s t o r e d  a t  a  time i n t e r v a l  A t  This  1 
computat ion of Q!+~ is r e p e a t e d  f o r  t h e  t ime inc rement  of A t  u n t i l  t h e  1+1 1 
e n t i r e  hydrograph f o r  t h e  c r o s s  s e c t i o n  i s  o b t a i n e d .  The computed hydro- 
graph w i t h  d i s c h a r g e  v a l u e s  a t  A t  a p a r t  are t h e n  p a r a b o l i c a l l y  i n t e r p o l a t e d  1 
t o  y i e l d  v a l u e s  a t  A t  a p a r t  and s t o r e d .  Obviously ,  t h e  computa t iona l  2 
accuracy  can  b e  improved i f  a i s  computed as t h e  average  v a l u e s  of a' a j+l i i 
and a' i n s t e a d  o f  merely  t h e  l a s t .  However, such a v e r a g i n g  would con- i+l 
s i d e r a b l y  i n c r e a s e  t h e  computation t i m e  and i s  n o t  adopted a t  t h e  p r e s e n t  
s t a g e  f o r  t h i s  s tbdy .  
Chapter  7. DEVELOPMENT OF DESIGN MODELS 
I n  p2evious c h a p t e r s  d e t a i l e d  d e s c r i p t i o n s  have been g iven  of t h e  
o p t i m i z a t i o n  t e c h n i q u e ,  t h e  r i s k  and u n c e r t a i n t y  c o n s i d e r a t i o n s ,  and t h e  
v a r i o u s  h y d r a u l i c  models. The purpose  of t h i s  c h a p t e r  i s  t o  b r i n g  t o g e t h e r  
t h e s e  concep t s  t o  develop t h e  v a r i o u s  l e a s t - c o s t  sewer sys tem d e s i g n  models 
t h a t  are l i s t e d  i n  Tab le  7.1.  The ser ia l  DDDP techn ique  i s  t h e  b a s i c  
founda t ion  f o r  each of t h e s e  d e s i g n  models i n c o r p o r a t i n g  v a r i o u s  t y p e s  of 
r o u t i n g  p rocedures  w i t h  and wi thou t  c o n s i d e r i n g  t h e  r i s k s .  T h i s  c h a p t e r  
p r e s e n t s  each of t h e s e  models and d i s c u s s e s  t h e  i n t e r a c t i o n  of t h e  opt imiza-  
t i o n  component w i t h  t h e  h y d r a u l i c  and /or  r i s k  components. A d e t a i l e d  
d i s c u s s i o n  of t h e  a p p l i c a t i o n  of each model through examples is  p r e s e n t e d  
i n  Chapter  8. 
TABLE 7.1. Least-Cost  Sewer System Design Models 
Routing Risk  
Model Procedure  Ana lys i s  
Des igna t ion  Used I n c o r p o r a t e d  
A None No 
B-1 Hydrograph Time Lag N o  
B-2 Kinemati  c-Wave N o  
B-3 Muskingum-Cunge No 
C None Yes 
D Hydrograph Time Lag Yes 
7.1. Design Models With 
7.1.1. Model A - No Rout ing 
The s i m p l e s t  d e s i g n  model is  Model A which i s  e s s e n t i a l l y  t h e  s e r i a l  
DDDP procedure  d i s c u s s e d  i n  S e c t i o n s  4.2 and 4.4. The h y d r a u l i c  component of 
t h e  model is  t h e  no t ime l a g  s t e a d y  f low approach which s imply c o n s i s t s  of 
110 
u s i n g  ~ a n n i n g ' s  formula  f o r  f u l l - p i p e  f low (Eq. 3.1) t o  s e l e c t  t h e  smallest 
commercial p i p e  d iamete r  s a t i s f y i n g  t h e  c o n s t r a i n t s  on f low,  v e l o c i t y ,  and 
p reced ing  ( immediate ly  upstream) sewer d i a m e t e r s ,  e t c .  ( g i v e n  i n  Chapter  2 ) .  
T h i s  s i z e  s e l e c t i o n  t a k e s  p l a c e  f o r  each f e a s i b l e  s e t  o f  i n p u t  states 
(ups t ream crown e l e v a t i o n s )  and o u t p u t  states (downstream crown e l e v a t i o n s )  
as shown i n  F ig .  4.2. The sewer s l o p e  i n  Manning's formula  i s  s imply 
computed as t h e  d i f f e r e n c e  between t h e  upst ream and downstream crown e l e v a t i o n s  
d i v i d e d  by t h e  p i p e  l e n g t h ,  i . e . ,  f o r  t h e  connec t ion  of manholes mn and m 
n+l 
t h e  s l o p e ,  So, i s  
The peak i n f l o w  f o r  each sewer i s  computed as t h e  sum of  a l l  i n f l o w s  f o r  con- 
n e c t i n g  upst ream sewers  p l u s  t h e  d i r e c t  i n f l o w  f o r  t h e  manhole m a t  t h e  
n  
upst ream end of t h e  sewer b e i n g  cons idered .  
The i n p u t  pa ramete rs  f o r  o p t i m i z a t i o n  c o n s i s t  of t h e  i n i t i a l  t r i a l  
t r a j e c t o r y ,  t h e  number of l a t t i c e  p d i n t s  N and t h e  i n i t i a l  s t a t e  increment  
P  
As t o  s e t  up t h e  i n i t i a l  c o r r i d o r ,  t h e  r e d u c t i o n  rate of  A s  f o r  s u c c e s s i v e  
i t e r a t i o n s ,  and t h e  a c c e p t a b l e  e r r o r  f o r  t h e  t o t a l  sys tem c o s t  which 
de te rmines  t h e  minimum a l l o w a b l e  s ta te  s p a c e  increment  A s  . S e l e c t i o n  of 
. min 
t h e s e  i n p u t  pa ramete rs  w i l l  be  d i s c u s s e d  i n  d e t a i l  i n  Chapter  8. The i n p u t  
f o r  t h e  h y d r a u l i c s  component i n c l u d e s  ~ a n n i n g ' s  roughness  f a c t o r  n ,  a l l o w a b l e  
maximum f low v e l o c i t y ,  and peak d e s i g n  i n f l o w  rates a t  each  manhole. O t h e r  
r e q u i r e d  i n p u t  i n c l u d e s  t h e  topography, network d e s c r i p t i o n ,  sewer l e n g t h s ,  
and a l l o w a b l e  minimum s o i l  cover  above t h e  crown of sewers .  The f low c h a r t s  
f o r  t h i s  model can be s e e n  i n  F igs .  4 .2 ,  4.3 and 4 . 8 ,  and t h e  computer pro- 
gram i s  l i s t e d  i n  Appendix D. 
7.1.2. Model B - I n c o r p o r a t i o n  of Routing Techniques 
The i n c l u s i o n  of hydrograph r o u t i n g  i n  t h e  model p e r m i t s  advantage 
t o  b e  t aken  o f  peak a t t e n u a t i o n  and t h e  t i m e  s h i f t  of  peak p i p e  f lows w i t h  
r e s p e c t  t o  peak i n l e t  f lows.  Th is  r e s u l t s  i n  more complex models as 
e x p l a i n e d  below. 
The DDDP computat ions  o f  t h e  s e r i a l  approach a t  each s t a g e  of t h e  
models w i t h  r o u t i n g  are e s s e n t i a l l y  t h e  same as d e s c r i b e d  i n  Chapter  4 w i t h  
a few m o d i f i c a t i o n s  f o r  each r o u t i n g  t echn ique .  When a r o u t i n g  p rocedure  i s  
i n c o r p o r a t e d  i n t o  t h e  o p t i m i z a t i o n ,  t h e r e  i s  an  i n p u t  hydrograph a s s o c i a t e d  
w i t h  each  i n p u t  s ta te  k (upst ream crown e l e v a t i o n )  f o r  each  p i p e  connec t ion  
a t  a s t a g e .  For a sewer  hav ing  no  o t h e r  p i p e s  connected t o  i t s  upst ream 
manhole t h e  i n f l o w  hydrograph a s s o c i a t e d  w i t h  each s t a t e  a t  t h e  upst ream 
manhole m i s  s imply t h e  i n l e t  hydrograph o f  t h a t  manhole. For a sewer hav ing  
n 
o t h e r  p i p e s  connected t o  i t s  ups t ream manhole t h e  p rocedure  is  more complicated.  
Assuming t h e  DDDP computat ions  f o r  a sewer network have been performed through 
s t a g e  n-1 and t h e  c o n n e c t i v i t y  o f  states a t  manholes on i s o n o d a l  l i n e  (INL) n 
( F i g .  4.9) have been de te rmined ,  t h e  n e x t  s t e p  b e f o r e  c o n t i n u i n g  t h e  DDDP 
computat ions  f o r  a p i p e  connec t ion  a t  s t a g e  n is  t o  d e t e r m i n e  t h e  i n f l o w  
hydrographs  f o r  each  i n p u t  s ta te  a t  each manhole on INL n .  Th is  i s  accomp- 
l i s h e d  f o r  each s t a t e  a t  a manhole m by adding t h e  i n f l o w  hydrographs  
n 
a s s o c i a t e d  w i t h  t h e  connec t ing  upst ream s ta te  a t  t h e  manhole ( i . e . ,  w i t h  t h e  
downstream crown e l e v a t i o n  at  m f o r  upst ream s t a g e  n-1). T h i s  p rocedure  is  
n 
shown s c h e m a t i c a l l y  i n  F ig .  7 . 1  and i s  performed f o r  each  i n p u t  s t a t e  a t  t h e  
upst ream manhole. 
The peak i n f l o w  f o r  each i n p u t  s t a t e  i s  de te rmined  from t h e  correspond-  
i n g  i n f l o w  hydrographs  f o r  t h e  state. These p e a k > i n f l o w s  f o r  each o f  t h e  i n p u t  
states a r e  then  used i n  t h e  DDDP computat ion as t h e  d e s i g n  i n f l o w s .  As 
d e s c r i b e d  f o r  Model A, ~ a n n i n g ' s  fo rmula  f o r  f u l l  p i p e  flow (Eq. 3.1) i s  used 
t o  s e l e c t  t h e  s m a l l e s t  commercial p i p e  d i a m e t e r  which can h a n d l e  t h e  peak 
i n f l o w  a s s o c i a t e d  w i t h  each i n p u t  s t a t e  and s a t i s f i e s  t h e  d e s i g n  c o n s t r a i n t s .  
Q 
manhole 
- - - - _  
- - -  
Downs t ream 
crown e l e v a t i o n s  
f o r  upstream I 
Upstream crown e l e v a t i o n  
( i npu t  s t a t e s  k)  a t  
manhole f o r  s t a g e  n 
Kepresent connect ion 
of s t a t e s  a t  manhole 
s t a g e  n-1 
Manhole m 
n  
Inf low hydrograph f o r  each inpu t  s t a t e  k t o  s t a g e  n 
t i m e  Or time time 
Fig.  7.1. Hydrographs f o r  S t a t e s  a t  Manholes 
A flow c h a r t  f o r  each i t e r a t i o n  of t h e  DDDP s o l u t i o n  scheme when a 
r o u t i n g  procedure i s  included i s  given i n  Fig.  7 .2 .  The o v e r a l l  op t imiza t ion  
procedure i s  the  same a s  shown i n  Fig.  4.3.  The DP computations w i t h i n  each 
c o r r i d o r  a r e  t he  same a s  shown i n  Fig.  4 . 2 .  
Once the  DP computations have been performed w i t h i n  a c o r r i d o r ,  re- 
p re sen t ing  a p ipe  connection of manholes m and m a t  the  s t a g e ,  t h e  
n n+l 
minimum cumulative c o s t  connect ion of upstream s t a t e s  t o  each downstream s t a t e  
i n  t he  c o r r i d o r  and the  diameters  of  each connect ion a r e  known. The nex t  
s t e p  i s  t o  perform t h e  rou t ing  computations f o r  t he  minimum cumulative cos t  
connect ion t o  each output  s t a t e  j a t  t he  downstream end of t h e  s t a g e  w i th in  
t h e  co r r ido r .  The r e s p e c t i v e  in f low hydrggraph a s soc i a t ed  wi th  t he  i npu t  
s t a t e  t h a t  has  a connect ion t o  the  ou tput  s t a t e  j i s  rou ted  through the  
p ipe .  Once the  r o u t i n g  computations a r e  performed f o r  each connect ion i n  
t he  c o r r i d o r ,  t h e r e  exis ts  an outf low (downstream) hydrograph f o r  each ou tpu t  
s t a t e  i n  t h e  co r r ido r .  I f  t h i s  i s  the  on ly  p ipe  t h a t  i s  connected t o  t he  
downstream manhole m 
n+l  ' i t s  outf low hydrograph i s  added t o  t h e  d i r e c t  in f low 
hydrographs f o r  manhole m f o r  each output  s t a t e .  The r e s u l t i n g  hydrograph 
n+l 
s e r v e s  a s  t he  in f low hydrograph f o r  t h e  downstream connect ing p ipe  from 
manhole m (Fig.  7 .1) .  I f  t h e r e  a r e  o t h e r  upstream p ipes  connected t o  
n+l 
manhole m 
n+l ' each outf low hydrograph f o r  each connect ion t o  an ou tput  s t a t e  
p lu s  t he  d i r e c t  in f low hydrograph f o r  manhole m a r e  added. This  procedure 
n+l 
i s  repea ted  f o r  each ou tpu t  s t a t e .  The new hydrographs f o r  t h e  output  s t a t e s  
s e r v e  a s  t h e  r e s p e c t i v e  in f low hydrographs f o r  t h e  downstream connect ing p ipe  
f o r  those  s t a t e s .  The p a r t i c u l a r  hydrograph f o r  an i npu t  s t a t e  of a p ipe  f o r  
t h e  next  downstream s t a g e  n+l  connect ing manhole m a t  i t s  upstream a r e  
n+l 
determined by t h e  connect ion of s t a t e s  ac ros s  t h e  manhole a s  shown i n  Fig.  4 . 9 .  
The computer program f o r  des ign  Models B - 1 ,  B-2, and B-3 i s  l i s t e d  i n  
Appendix E. 
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7.1.2.1.. Model B-1: Hydrograph Time Lag Routing - The s i m p l e s t  of t h e  
t h r e e  hydrograph r o u t i n g  t echn iques  u t i l i z e d  is  hydrograph t ime l a g g i n g  d i s -  
cussed i n  S e c t i o n  6.3.2. The d e s i g n  model u s i n g  t h i s  r o u t i n g  t echn ique  is  
r e f e r r e d  t o  a s  Model B-1. Yen and Sevuk (1975) have shown t h a t  t h i s  r o u t i n g  
t echn ique  p r o v i d e s  r a t h e r  good r e s u l t s  when a h i g h  l e v e l  of accuracy  i s  n o t  
r e q u i r e d .  The f low c h a r t  of t h i s  r o u t i n g  p rocedure  i s  g i v e n  i n  F ig .  7.3.  
The DDDP s o l u t i o n  scheme f o r  each i t e r a t i o n  i s  t h e  same a s  t h a t  d e s c r i b e d  
above and shown i n  F ig .  7.2 and t h e  o v e r a l l  scheme i n  F ig .  4.3. 
\ 
The r e q u i r e d  i n p u t  d a t a  f o r  Model B - 1  i n c l u d e s  t h e  o p t i m i z a t i o n  
model i n p u t  p a r a m e t e r s ,  t h e  des ign  paramete rs  needed f o r  Model A, and i n  
a d d i t i o n ,  a d e s i g n  d i r e c t  i n f l o w  hydrograph f o r  each manhole i n  t h e  sewer 
network.  I t  s h o u l d  b e  p o i n t e d  o u t  t h a t  i t  i s  n o t  n e c e s s a r y  t o  have  an  
i n f l o w  hydrograph a t  each manhole. The i n p u t s  f o r  t h i s  d e s i g n  model a r e  
f u r t h e r  d i s c u s s e d  i n  Chapter  8. 
7.1.2.2.  Model B-2: Kinemat ic  Wave Rout ing - A more s o p h i s t i c a t e d  r o u t i n g  
t echn ique  t h a t  i s  used t o  f o r m u l a t e  des ign  Model B-2 i s  t h e  n o n l i n e a r  
k i n e m a t i c  wave method which h a s  been d i s c u s s e d  i n  S e c t i o n  6.3.3.  Because of 
t h e  s i m p l i f i c a t i o n s  made i n  t h e  development of t h e  procedure ,  no  downstream 
flow c o n d i t i o n s  are r e q u i r e d ,  and consequent ly  downstream backwater  e f f e c t s  
a r e  n o t  accounted  f o r .  Obta in ing  a downstream f low c o n d i t i o n  f o r  any r o u t i n g  
p rocedure  i n  c o n j u n c t i o n  w i t h  t h e  o p t i m i z a t i o n  p rocedure  is i m p o s s i b l e  because  
i n  t h e  o p t i m i z a t i o n  p rocedure  t h e  sewer  p i p e s  f o r  t h e  downstream s t a g e s  have 
n o t  been des igned .  Consequent ly ,  i t  would b e  i m p o s s i b l e  t o  account  f o r  any 
mutual backwater  e f f e c t s  caused a t  t h e  downstream end of  a sewer .  The four -  
p o i n t  n o n c e n t r a l  i m p l i c i t  f i n i t e - d i f f e r e n c e  scheme d i s c u s s e d  i n  S e c t i o n  6 .3 .3  
i s  adopted f o r  t h e  numer ica l  computat ions .  The DDDP s o l u t i o n  scheme f o r  each  
i t e r a t i o n  i s  t h e  same as t h a t  shown i n  F ig .  7.2. A s i m p l i f i e d  f low c h a r t  f o r  
t h e  k i n e m a t i c  wave method i s  g i v e n  i n  F ig .  7.4. The f r i c t i o n  s l o p e ,  S f ,  i s  
From Fig.  7.2 
1 
Compute v e l o c i t y  assuming p i p e  
I i s  f lowing f u l l  f o r  t h e  peak I 
in f low us ing  E q .  6 .6  
+ I Compute s h i f t i n g  t ime,  t f ,  f o r  I inf low hydrograph (Eq.  6 . 4 )  1 
S h i f t  t h e  in f low hydrograph by t h e  
computed t i m e  t 
To F ig .  7.2 
Fig.  7.3. Flow Chart  f o r  Hydrograph Time Lag Routing 
From Fig. 7.2 
Compute i n i t i a l  condi t i a n s  
def ined  by i n i t i a l  base  f low 1- 
Advance t o  nex t  time s t e p ,  
t = t + A t  I 
To Fig. 7.2 
$ 
From the  inf low hydrograph compute 
flow condi t ions  a t  upstream 
boundary s t a t i o n  
$. 
Compute flow condi t ions  
a t  i n t e r i o r  s t a t i o n s  and a t  
downstream s t a t i o n  
Consider nex t  
l a r g e r  com- 
merc i a l  p ipe  
diameter  
Fig. 7.4.  Flow Chart f o r  -Nonlinear Kinematic-Wave Routing 
flow depth computed Yes 
A 
I r  
eva lua ted  us ing  t h e  Manning formula (Eq. 6.7). I n  determining t h e  p ipe  
d iameter ,  t o  avoid computatilonal i n s t a b i l i t y  when t h e  p ipe  i s  flowing n e a r l y  
f u l l ,  and a l s o  i n  view of t h e  f a c t  t h a t  maximum p ipe  flow occurs  a t  about 
0.94d, t h e  maximum pipe  flow depth i s  a r b i t r a r i l y  chosen a s  0.96d i n s t e a d  of 
d. 
The i n p u t s  f o r  t h i s  des ign  model i nc lude  i n  a d d i t i o n  t o  those  f o r  
Model B-1 a s p e c i f i e d  time increment ,  A t ,  and an a l lowable  maximum d i s t a n c e  
increment Ax . For example, i f  Axmax i s  s e t  a t  400 f t  and t h e  p ipe  i s  
max 
1000 f t  long then i t  i s  d iv ided  i n t o  t h r e e  equ iva l en t  s e c t i o n s ,  each 333 f t  
long. There would be  f o u r  g r i d  p o i n t s  a long t h e  s p a t i a l  a x i s  of  t h e  f i n i t e  
d i f f e r e n c e  g r id .  
7.1.2.3. Model B-3: Muskingum-Cunge Routing - The Muskingum-Cunge r o u t i n g  
technique i s  used i n  conjunct ion w i t h  the op t imiza t ion  technique t o  formu- 
l a t e  des ign  Model B-3. The technique has  been d iscussed  i n  Sec t ion  6.3.4. 
Because t h i s  i s  a r e l a t i v e l y  new rou t ing  technique,  a somewhat more d e t a i l e d  
f lowchart  of t h e  computational procedure i s  given i n  Fig.  7.5. This pro- 
cedure i s  inco rpo ra t ed  i n t o  t he  op t imiza t ion  component i n  a manner s i m i l a r  
t o  t h a t  f o r  the  previous two rou t ing  procedures.  The i n p u t  d a t a  f o r  t h i s  
model i s  s i m i l a r  t o  t h a t  of t h e  non l inea r  kinematic  wave approximation 
except  t h a t  a A t  f o r  t he  computational procedure i s  n o t  r equ i r ed .  As f o r  
the  non l inea r  kinematic  wave approximation, the  u se r  must s p e c i f y  t h e  allow- 
a b l e  maximum length  of p ipe  s e c t i o n ,  Ax t h a t  i s  t o  be  used i n  t h e  rou t ing  
max ' 
of flow through each p ipe .  However t he  p ipe  s e c t i o n s  a r e  t r e a t e d  i n  a 
d i f f e r e n t  contex t  than i n  t h e  kinematic  wave procedure.  For t h e  Muskingum- 
Cunge rou t ing ,  t he  e n t i r e  inf low hydrograph i s  routed  through t h e  f i r s t  
upstream s e c t i o n ,  then the  outflow from t h a t  s e c t i o n  i s  taken a s  t h e  inf low 
t o  t he  next  downstream s e c t i o n  of t h e  p ipe .  This procedure cont inues  i n  a 
downstream manner f o r  each s e c t i o n  of t h e  p ipe  u n t i l  t h e  l a s t  s e c t i o n  of  
From Fig. 7.2 
Compute time increment A t  s o  t h a t  A t  < Ax/c, 
a t  maximum c e l e r i t y  which is  f o r  depth ld iameter  
r a t i o  of 0.6 
4 I 
Consider nex t  s e c t i o n  of p ipe  : 
$ 
Increment t i m e  t = t + A t  
I I $ 
Compute depth ,  h ,  of flow which s a t i s f i e s  Manning's 
j formula f o r  Qi+l a t  previous time using ~ e w t o n ' s  I 1 i t e r a t i o n  method and compute corresponding c e n t r a l  I I 
I angle ,  @ ;  and wid th ,  B y  of flow I 
Compute t he  c e l e r i t y ,  c  - a A 
Compute t r a v e l  time over  d i s t a n c e  Ax, K = Axlc 
w 
1 
2 Solve f o r  a = KQ/S~(AX) B 
I Determine d ischarges  a t  t h e  ~ r e v i o u s  s t a t i o n 1  - 
j and QY1 by l i n e a r  i n t e r p o l a t i o n  I 
Solve f o r  Q:: us ing  Eq. 6.13 
To Fig .  7.2 
Fig.  7.5. Flow Chart  f o r  Muskingum-Cunge Routing Technique 
p i p e  is  reached. The DDDP s o l u t i o n  scheme i n c l u d i n g  t h i s  r o u t i n g  procedure  
is  i d e n t i c a l  t o  those  shown i n  F igs .  7 . 2 ,  4.2, and 4.3. 
7.2 Design Models I nco rpo ra t i ng  Risks . 
A d e t a i l e d  d e s c r i p t i o n  of t h e  concepts  r e q u i r e d  i n  cons ide r i ng  r i s k s  
and u n c e r t a i n t i e s  i n  sewer des ign  and t h e  development o f  r i s k - s a f e t y  f a c t o r  
r e l a t i o n s h i p s  used i n  t h e  r i s k  model h a s  been g iven  i n  Chapter 5 .  The 
purpose of t h i s  s e c t i o n  is  t o  i l l u s t r a t e  how t h e  r i s k  component i s  used i n  
con junc t ion  w i t h  t h e  op t im iza t i on .  The l e a s t - c o s t  des ign  model w i thou t  
r o u t i n g  i s  r e f e r r e d  t o  as Model C and i s  de sc r i bed  i n  S e c t i o n  7.2.2. Such 
a  r isk-based des ign  model accounts  f o r  t h e  c o s t  i n t e r a c t i o n s  o f  t h e  v a r i o u s  
components of sewer systems i n  o r d e r  t o  main ta in  a t r a d e o f f  between t h e  
c o s t s  o f  i n s t a l l i n g  t h e  system and p o t e n t i a l  f l o o d  damages. The assessment  
of expec ted  damage c o s t  is  d i s cus sed  i n  S e c t i o n  7.2.1. I n  a d d i t i o n  t h e  pro- 
cedure  s y s t e m a t i c a l l y  accounts  f o r  t h e  u n c e r t a i n t i e s  t h a t  cannot  b e  avoided 
i n  sewer des ign .  This r i sk -based  des ign  model is  then  extended t o  i n c l u d e  
t h e  hydrograph t i m e  l a g  r o u t i n g  component t o  account  f o r  t h e  t i m e  s h i f t i n g  
of hydrographs.  Th is  des ign  model is r e f e r r e d  t o  as Model D and i s  d e s c r i b e d  
i n  S e c t i o n  7.2.3.  
7.2.1. Expected Damage Costs 
The r i s k  a n a l y s i s  i n  Chapter 5 p rov ides  an  e s t i m a t e  of t h e  proba- 
b i l i t y  of occur rence  of t h e  s u r f a c e  runof f  exceeding t h e  c a p a c i t y  of a  p i p e  
system dur ing  t h e  expec ted  s e r v i c e  l i f e  of t h e  p r o j e c t ,  i .e .  t h e  p r o b a b i l i t y  
of " f a i l u r e . "  I n  o rde r  t o  i n c o r p o r a t e  r i s k s  i n t o  a  de s ign  model based  on 
an op t im iza t i on  techn ique ,  t h e  c o s t  a s s o c i a t e d  w i th  f a i l u r e  o f  t h e  sewer 
must b e  eva lua t ed .  This can then  b e  added t o  t h e  i n s t a l l a t i o n  c o s t  and t h e  
t o t a l  c o s t  minimized. 
The e v a l u a t i o n  of damage due t o  s to rm water f l ood ing  i n  an urban 
a r e a  i s  n o t  a n , e a s y  t a sk .  I n  o r d e r  t o  p rov ide  a s imp le  mechanism f o r  evalua-  
t i n g  expec ted  damage c o s t s  (sometimes c a l l e d  r i s k  damage c o s t s ) ,  an "assessed  
damage value"  is  in t roduced .  Th is  i s  d e f i n e d  as t h e  damage v a l u e  a s s o c i a t e d  
w i t h  t h e  a r e a  d r a i n e d  by a  s p e c i f i c  sewer i n  t h e  e v e n t  t h a t  i t s  c a p a c i t y  i s  
exceeded. The expec ted  damage ccs  t , CD, i s  t h e n  computed a s  t h e  p roduc t  of 
t h e  r i s k  and t h e  a s s e s s e d  damage v a l u e  f o r  t h e  sewer, i . e . ,  f o r  t h e  sewer 
connec t ing  manholes m and m 
n  n+l  ' 
i n  which (C ) i s  t h e  a s s e s s e d  damage v a l u e  i n  t h e  e v e n t  of P(QL > QC) F m ,m 
n  n+l  
due t o  i n s u f f i c i e n t  c a p a c i t y  of t h e  sewer  o f  d iamete r  d. The a s s e s s e d  damage 
v a l u e  i s  assumed t o  be  t h e  average damage weighted o v e r  a l l  p o s s i b l e  magni- 
t u d e s  of t h e  f l o o d i n g  a s  w e l l  a s  t h e  t ime of  o c c u r r e n c e s  of f l o o d i n g  d u r i n g  
t h e  p r o j e c t  s e r v i c e  l i f e .  I t  i s  i n t r o d u c e d  a s  a  f i r s t  a t t e m p t  a t  i n c o r p o r a t -  
i n g  f l o o d  damages i n  a  l e a s t - c o s t  d e s i g n  model s o  t h a t  t h e  e f f e c t  of t h i s  
a s p e c t  of d e s i g n ,  which h a s  p r e v i o u s l y  been i g n o r e d ,  can be  demonstra ted,  
which i s  done i n  Chapter  8. 
The a c t u a l  d e t e r m i n a t i o n  of an a s s e s s e d  damage v a l u e  i n v o l v e s  con- 
s i d e r a b l e  judgement. Some d a t a  on urban f l o o d  damage a r e  a v a i l a b l e  and can . 
s e r v e  as g u i d e l i n e s  (Grigg e t  a l . ,  1974, 1975; Homan and Waybur, 1960) .  It 
i s  emphasized t h a t  t h i s  approach of account ing  f o r  p o t e n t i a l  f l o o d  damages 
i n  t h e  d e s i g n  model is o n l y  a f i r s t  s t e p .  A second phase  of t h i s  s t u d y ,  OWRT 
p r o j e c t  B-098-ILL, i s  d i r e c t e d  i n  p a r t  a t  t h e  development of an improved 
p rocedure  f o r  i n c o r p o r a t i n g  r i s k s  i n t o  t h e  d e s i g n  model. 
7.2.2.  Model C - Risk  Component Without Rout ing 
The r i sk -based  l e a s t - c o s t  d e s i g n  model w i t h o u t  r o u t i n g  h a s  been 
p r e s e n t e d  by Tang, Mays, and Yen (1975) u s i n g  t h e  n o n s e r i a l  DDDP approach.  
The cor responding  d e s i g n  model u s i n g  t h e  ser ia l  approach is  v e r y  similar 
w i t h  m o d i f i c a t i o n  of t h e  r e c u r s i v e  e q u a t i o n s .  The DDDP s o l u t i o n  scheme i s  
e s s e n t i a l l y  t h a t  shown i n  F ig .  4 . 3  w i t h  t h e  DP computat ions  shown i n  F ig .  
7.6. The major d i f f e r e n c e  i n  t h e  DP computat ions  w i t h  and w i t h o u t  t h e  r i s k  
component l ies i n  t h e  d e t e r m i n a t i o n  of sewer s i z e s .  With t h e  r i s k  compo- 
n e n t ,  f o r  each  d i a m e t e r  cons idered  f o r  a f e a s i b l e  set of s t a t e s  t h e r e  is an  
i n s  t a l l a t i o n  c o s t  t o g e t h e r  w i t h  a cor responding  expec ted  f l o o d  damage c o s t .  
i The sum of  t h e s e  c o s t s  i s  t h e  t o t a l  e x p e c t e d  c o s t .  The i n s t a l l a t i o n  c o s t  
1 
i n c l u d e s  t h e  c o s t s  of t h e  p i p e  and t h e  connec t ing  upst ream manhole. The 
c o s t  which is minimized i n  t h e  DDDP procedure  i s  t h e  sum of  t h e  i n s t a l l a t i o n  
c o s t ,  CI ,  and t h e  expec ted  damage c o s t ,  CD, due t o  i n s u f f i c i e n t  sewer I c a p a c i t y .  
I 
I The d e c i s i o n  v a r i a b l e s  i n c l u d e  t h e  drop i n  crown e l e v a t i o n  a c r o s s  
i 
t h e  p i p e  and t h e  d i a m e t e r  o f  t h e  p i p e .  'For each  p o s s i b l e  ( f e a s i b l e )  drop 
i n  crown e l e v a t i o n ,  a d iamete r  of t h e  p i p e  i s  s e l e c t e d  which p r o v i d e s  t h e  
minimum t o t a l  expec ted  c o s t  f o r  t h e  p a r t i c u l a r  d rop  b e i n g  cons idered .  I n  
g e n e r a l ,  t h e  c o s t  o f  i n s t a l l i n g  a sewer  p i p e  of a  s p e c i f i e d  m a t e r i a l  depends 
on t h e  p i p e  s i z e  and dep th  of e x c a v a t i o n ,  i . e . ,  i n  terms o f  t h e  o p t i m i z a t i o n  
v a r i a b l e ,  CI = CI (S,  D, d) . The amount of f l o o d  damages is  r e l a t e d  t o  t h e  
c a p a c i t y  of t h e  p i p e  o r  t h e  s l o p e  and d i a m e t e r  which i n  t u r n  i s  r e l a t e d  t o  
t h e  o p t i m i z a t i o n  v a r i a b l e ,  i . e . ,  C = C (S,D,d) as g i v e n  i n  Eq. 7 . 2 .  The D D 
minimum t o t a l  expec ted  c o s t  f o r  t h e  connec t ion ,  which is  t h e  r e t u r n  i n  t h e  
r e c u r s i v e  e q u a t i o n s  (Eqs. 4 .7  and 4 . 8 ) ,  is 
! 
I A f low c h a r t  showing t h e  r i s k  computat ions  t o  de te rmine  t h e  d i a m e t e r  f o r  
each  f e a s i b l e  set of s tates i s  g i v e n  i n  F ig .  7.7.  For each  p o s s i b l e  d rop  
1 1 
! 
3 i n  crown e l e v a t i o n ,  f i r s t  a  d i a m e t e r  i s  s e l e c t e d  which s a t i s f i e s  t h e  p re -  
i ceding (upst ream) d iamete r  c o n s t r a i n t .  14anning's formula  i s  t h e n  used  t o  
L 1 
compute t h e  f u l l - f l o w  p i p e  c a p a c i t y ,  QC. The v e l o c i t y  i s  t h e n  computed 
From Fig. 4.8 
Consider output state j of corridor 
Consider input state k of corridor * 
L 
1 Compute slope from state k to state j ( 
[use risk model to select commercial pipe diameter and the I I minimum cumulative expected cost as shown in ~ i ~ . '  7.7 1 
+ 
Store cumulative expected cost, installation cost, damage cost 
I sewer diameter, and k for state j I 
Yes 
Yes 
To Fig. 4.8 
Fig. 7.6. DP Computations within Corridor Considering Risks 
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u s i n g  Eq. 6.5 and checked t o  s e e  t h a t  i t  s a t i s f i e s  t h e  v e l o c i t y  c o n s t r a i n t s .  
I f  t h e  minimum v e l o c i t y  c o n s t r a i n t  i s  n o t  s a t i s f i e d  t h i s  is t h e  las t  
d iamete r  cons idered  f o r  t h i s  p i p e  e l e v a t i o n  drop. C o n t r a r i l y ,  i f  t h e  maxi- 
mum v e l o c i t y  c o n s t r a i n t  i s  n o t  s a t i s f i e d  t h e  n e x t  l a r g e r  commercial p i p e  
s i z e  is cons idered .  The s a f e t y  f a c t o r  SF = 6 /Q (Eq. 4.13) i s  computed. C 0 
Accordingly t h e  r i s k  i s  determined from t h e  r i s k - s a f e t y  f a c t o r  curves  
(Fig .  5.2) knowing SF f o r  t h e  sewer d iamete r  under cons ide r a t i on .  The r i s k  
is  subsequent ly  used i n  Eq. 7.2 t o  e v a l u a t e  C which i n  t u r n  i s  used i n  
D 
Eq. 7.3 t o  o b t a i n  r . . This  procedure  is  r epea t ed  s y s t e m a t i c a l l y  
m n  'mn+l 
cons ide r i ng  s u c c e s s i v e l y  l a r g e r  d i ame te r s  t h a t  s a t i s f y  t h e  c o n s t r a i n t s  on 
f low,  v e l o c i t y ,  and preced ing  (upstream) d iamete rs  u n t i l  t h e  s a f e t y  f a c t o r  
is g r e a t e r  than 6* o r  t h e  l a r g e s t  commercially p i p e  s i z e  cons idered .  The 
computa t iona l  procedure  t h e n  r e t u r n s  t o  t h e  DP computations (F ig .  7.6) 
once a  d iamete r  i s  s e l e c t e d .  
The r i s k  procedure  shown i n  Fig .  7.7 and de sc r i bed  above a l lows  
t h e  r i s k ,  P(Q > Q ) ,  t o  va ry  f r e e l y  f o r  d i f f e r e n t  sewers .  The o p t i m i z a t i o n  L C 
produces  n o t  on ly  t h e  least c o s t  de s ign  b u t  a l s o  s p e c i f i e s  t h e  a s s o c i a t e d  
r i s k s .  Another approach p r e s e n t e d  by Tang, Mays, and Yen (1975) i s  t o  
des ign  f o r  an  accep t ab l e  maximum r i s k  l e v e l ,  i . e . ,  each sewer p i p e  f o r  a  
connec t ion  is  des igned  f o r  t h e  same minimum s a f e t y  f a c t o r .  The accep t ab l e  
maximum r i s k  l e v e l  can vary  f o r  d i f f e r e n t  connec t ions  i n  t h e  network. This  
p;ocedure can b e  i nco rpo ra t ed  i n  t h e  r i s k  model shown i n  F ig .  7.7. 
The i n p u t s  f o r  Model C i n c l u d e  t h e  o p t i m i z a t i o n  model paramete rs ,  
ground s u r f  a ce  e l e v a t i o n s ,  de s ign  in f lows  f o r  each manhole, p i p e  l e n g t h s ,  
Manning's roughness f a c t o r ,  c o e f f i c i e n t s  f o r  t h e  r i s k - s a f e t y  f a c t o r  re- 
l a t i o n s h i p ,  and a s se s sed  damage va lue s  f o r  each p i p e  connec t ion  i n  t h e  
sewer network. The computer program f o r  Model C i s  l i s t e d  i n  Appendix D. 
*A s a f e t y  f a c t o r  of 6 ha s  been a r b i t r a r i l y  s e l e c t e d  because  t h e  i n s t a l l a t i o n  
c o s t  f o r  t h e  p i p e  would b e  s o  h igh  t h a t  t h e  cor responding  d iamete r  would 
neve r  r e s u l t  i n  t h e  minimum t o t a l  expec ted  c o s t .  
From F i g .  7.6 
S e l e c t  commercial p i p e  d iamete r  s a t -  -
i s f y i n g  upstream diameter  c o n s t r a i n t  
I 
I Compute fu l l - f low p ipe  c a p a c i t y  6, and v e l o c i t y  using1 I 
Manning's formula ,  Eq. 3.1 u i t h  qC 
Consider ncx t  l a r g e r  
commercial d i amete r  
S e t  p ipe  c o s t  
- 
Computc s a f e t y  f a c t o r ,  SF i jC/~O 
+ 
Compute i n s t a l l a t i o n  c o s t  of p i p e  inc lud ing  upstream 
manhole m f o r  s t a t e  k I 
I 
I D e t e m i n e  r i s k  from r i s k - s a f e t y  f a c t o r  ( 
I r e l a t i o n s h i p  I 
t 
(compute expected damagc c o s t  f o r  
I ' t h e  connect ion I 
Icornpute cumulative e:pected c o s t  I j ,  apply r e c u r s i v e  equa t ion ,  Eg. 4.8 ( 
having minimum cunlu- 
l a t i v c  expected c o s t  
TO Pig. 7 . 6  
c o s t  and a s s o c i a t e d  r i s k  and 
d iamete r  wit11 c u r r e n t  valuee 
f o r  next  comparison 
Fig.  7 . 7 .  Flow Chart f o r  Sewer Diameter S e l e c t i o n  Consider ing Risks 
7.2.3. Model D - Risk Component With Hydrograph Time Lag Rout ing 
Model C can  b e  extended t o  i n c l u d e  t h e  hydrograph t i m e  l a g  r o u t i n g  
component. The r e s u l t  is r e f e r r e d  t o  as Model D. The DDDP s o l u t i o n  scheme 
a t  each  s t a g e  is shown i n  Fig .  7.2 w i t h  t h e  DP computat ions  u s i n g  r i s k  as 
shown i n  F ig .  7.6. The r i s k  model shown i n  t h e  f low c h a r t  i n  Fig .  7.7 
a p p l i e s  t o  t h i s  d e s i g n  model and t h e  r o u t i n g  scheme shown i n  Fig .  7 .3  a l s o  
a p p l i e s .  The r e q u i r e d  i n p u t  f o r  t h i s  d e s i g n  model is similar t o  t h a t  f o r  
Model C w i t h  t h e  a d d i t i o n  of i n f l o w  hydrographs  a t  each  manhole. The com- 
p u t e r  program f o r  Model D i s  l i s t e d  i n  Appendix E. 
Chapter  8. EXAMPLE APPLICATIONS OF DESIGN MODELS 
The purpose  of t h i s  c h a p t e r  is t o  demons t ra te  t h e  a p p l i c a t i o n s  o f  
t h e  l e a . s t  c o s t  sewer  sys tem d e s i g n  models d e s c r i b e d  i n  t h e  p r e v i o u s  c h a p t e r .  
I n  o r d e r  t o  p r o v i d e  g u i d e l i n e s  f o r  t h e  s e l e c t i o n  o f  t h e  models and an  
a p p r e c i a t i o n  of t h e i r  e f f e c t  on t h e  r e s u l t i n g  d e s i g n  two examples a r e  pre- 
s e n t e d .  The f i r s t  is a h y p o t h e t i c a l  example which is used p r i m a r i l y  f o r  a 
s e n s i t i v i t y  a n a l y s i s .  The second example i s , a n  a c t u a l  sewer  sys tem taken  
from ASCE (1969) Manual No. 37 and i s  p r e s e n t e d  t o  f u r t h e r  i l l u s t r a t e  t h e  
v a r i o u s  models. 
8.1.  Model I n p u t  Paramete rs  
As d e s c r i b e d  i n  Chapter  7 ,  each of t h e  models employs an  opt imiza-  
t i o n  component. A p a r t i c u l a r  model may a l s o  employ a r o u t i n g  a n d / o r  a r i s k  
component as w e l l .  Each component r e q u i r e s  c e r t a i n  i n p u t  i n f o r m a t i o n ,  and 
t o  a c e r t a i n  e x t e n t ,  t h e  r e s u l t s  and t h e  computa t iona l  e f f i c i e n c y  depend on 
t h i s  i n p u t  d a t a .  
The DDDP procedure  is used i n  a l l  o f  t h e  models.  The f o u r  
o p t i m i z a t i o n  d e c i s i o n  paramete rs  a f f e c t i n g  t h i s  p rocedure  a r e  l i s t e d  as 
f o l l o w s  . , 
( a )  The number of l a t t i c e  p o i n t s ,  N , d e f i n i n g  t h e  number of 
P  
s t a t e s  a t  each end of a sys tem l i n k ;  i . e . ,  t h e  number o f  
p o s s i b l e  crown e l e v a t i o n s  w i t h i n  a c o r r i d o r  a t  each end 
of a sewer.  
(b) The i n i t i a l  s t a te  inc rement ,  A , which i s  t h e  d i s t a n c e  
s1 
between p o s s i b l e  crown e l e v a t i o n s  a t  each end  of a sewer 
f o r  t h e  f i r s t  i t e r a t i o n .  
( c )  The i n i t i a l  t r i a l  t r a j e c t o r y  used t o  e s t a b l i s h  t h e  loca-  
t i o n  of t h e  c o r r i d o r s  w i t h i n  t h e  s ta te  s p a c e  ( range  of 
p o s s i b l e  crown e l e v a t i o n s )  f o r  t h e  f i r s t  i t e r a t i o n .  
(d) The r e d u c t i o n  rate of t h e  s t a t e  inc rement  As f o r  s u c c e s s i v e  
i t e r a t i o n s  which de te rmines  t h e  c o r r i d o r  wid th  f o r  subse- 
quen t  i t e r a t i o n s .  
I f  a r o u t i n g  component is used a d d i t i o n a l  pa ramete rs  may b e  r e q u i r e d .  
The n o n l i n e a r  k i n e m a t i c  wave r o u t i n g  p rocedure  r e q u i r e s  t h e  s p e c i f i c a t i o n  o f  
b o t h  a  d i s t a n c e  inc rement ,  Ax, and a  t i m e  inc rement ,  A t .  The Muskingum-Cunge 
p rocedure  r e q u i r e s  t h e  s p e c i f i c a t i o n  o f  a d i s t a n c e  increment  o n l y ,  w h i l e  t h e  
hydrograph t ime  l a g  r o u t i n g  r e q u i r e s  no a d d i t i o n a l  i n p u t  d e c i s i o n  paramete r  
s p e c i f i c a t i o n s  . 
The r i s k  component r e q u i r e s  an a n a l y s i s  o f  u n c e r t a i n t i e s  as 
d e s c r i b e d  i n  Chapter 5. Th is  r e s u l t s  i n  a  set  o f  r i s k - s a f e t y  f a c t o r  curves  
which i s  t h e  i n p u t  r e q u i r e d  by t h e  r i s k  component o f  t h e  d e s i g n  models.  
The c o n s t r a i n t s  p e r t i n e n t  t o  t h e  d e s i g n  models a r e  d i s c u s s e d  i n  
S e c t i o n  2.4. The c o s t  f u n c t i o n s  used i n  t h i s  s t u d y  are Eq. 2 . 1  f o r  t h e  
J 
sewers  and Eq. 2.2 f o r  t h e  manholes. 
8 .2 .  Example I 
8.2 .1 .  Sewer System D e s c r i p t i o n  
Example I i s  a  branched system used p r e v i o u s l y  by Yen and Sevuk 
(1975) c o n t a i n i n g  14 s e w e r s ,  1 4  manholes and a  s i n g l e  f r e e - f a l l  o u t l e t .  
The l a y o u t  and i s o n o d a l  l i n e s  d i v i d i n g  t h e  sys tem i n t o  6 s t a g e s  and manhole 
numbers a r e  shown i n  F i g .  8.1.  The sewer l e n g t h s ,  ground e l e v a t i o n s  and 
s p e c i f i e d  crown e l e v a t i o n s  a t  v a r i o u s  l o c a t i o n s  a r e  g i v e n  i n  Tab le  8.1.  
The l a t t e r  were i n c l u d e d  t o  demons t ra te  t h a t  t h e  d e s i g n  models can h a n d l e  
t h e  s i t u a t i o n  where e l e v a t i o n  c o n s t r a i n t s  e x i s t  a t  a r b i t r a r y  p o i n t s  i n  
\ 
t h e  sys tem.  The Manning roughness f a c t o r  n  is assumed e q u a l  t o  0.0133 
f o r  a l l  t h e  sewers .  I n  t h i s  example a  minimum s o i l  cover  dep th  of 8  f t  
i s  used a s  w e l l  a s  minimum and maximum v e l o c i t i e s  of 2 and 10 f p s ,  
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1 
Downstream 
The i n f l o w  hydrographs  a t  t h e  manholes a r e  assumed t o  b e  symmetr ical  
t r i a n g l e s  w i t h  a b a s e  flow. The numer ica l  i n f l o w  d a t a  a r e  g i v e n  i n  Tab le  8.2.  
With t h e  e x c e p t i o n  of Models C and D (Tab le  7.1) , any method can b e  adopted 
f o r  deve lop ing  t h e s e  i n f l o w  hydrographs.  The r i s k - s a f e t y  f a c t o r  curves  
used i n  Models C and D were based  i n  p a r t  on an  a n a l y s i s  of t h e  r a t i o n a l  
method, implying t h a t  t h i s  was t h e  method used t o  de te rmine  t h e  peak in f lows .  
The hydrographs  a l l  have a common t i m e  s c a l e  b u t  t h e  i n i t i a l  rise t ime  
varies a s  shown i n  Tab le  8.2 and F ig .  8.2. 
It s h o u l d  b e  emphasized t h a t  t h i s  example i s  h y p o t h e t i c a l .  Its 
purposes  a r e  t o  demonstra te  t h e  v a r i o u s  l e a s t - c o s t  d e s i g n  models and t o  
i l l u s t r a t e  t h e i r  s e n s i t i v i t y  t o  t h e  v a r i o u s  i n p u t  pa ramete rs .  
8.2.2. O p t i m i z a t i o n  Component Parameter  S e n s i t i v i t y  
The paramete rs  used i n  t h e  o p t i m i z a t i o n  p rocedure  which must b e  
s p e c i f i e d  a s  i n p u t  a r e  l i s t e d  i n  S e c t i o n  8 . 1 .  I n  o r d e r  t o  i l l u s t r a t e  t h e  
e f f e c t s  of t h e s e  pa ramete rs  on t h e  minimum c o s t  d e s i g n ,  t h e  Example I 
sewer sys tem i s  des igned  u s i n g  Model A w i t h  d i f f e r e n t  numbers of l a t t i c e  
p o i n t s  and i n i t i a l  s ta te  inc rements ,  i .e.,  f o r  v a r i o u s  i n i t i a l  c o r r i d o r  
w i d t h s .  The r e s u l t s  a r e  summarized i n  Tab le  8.3. I n  e s t a b l i s h i n g  t h e  
v a l u e s  f o r  t h e s e  pa ramete rs  i t  must f i r s t  b e  recognized  t h a t  they  a r e  
i n t e r d e p e n d e n t  i n  r e l a t i o n  t o  t h e i r  e f f e c t  on t h e  f i n a l  d e s i g n  and t h e  
r a t e  t h a t  t h e  models converge t o  t h a t  d e s i g n .  For  example, i f  a  s m a l l  
c o r r i d o r  w i d t h  i s  chosen i n  c o n j u n c t i o n  w i t h  an i n i t i a l  t r i a l  t r a j e c t o r y  
which i s  f a r  from t h e  o p t i m a l  r e g i o n ,  a d d i t i o n a l  i t e r a t i o n s  a r e  r e q u i r e d  
t o  move t h e  t r a j e c t o r y  i n t o  t h e  o p t i m a l  o r  near -op t imal  r e g i o n .  It  i s  
a l s o  p o s s i b l e  under  such  c i rcumstances  t h a t  t h e  model s o l u t i o n  converges 
t o  a d e s i g n  which is f a r  from t h e  g l o b a l  o p t i m a l  (Mays and Yen, 1975).  
The c o r r i d o r  w i d t h ,  t h e  number o f  l a t t i c e  p o i n t s  of t h e  c o r r i d o r ,  
Time t 
Fig .  8.2. D e f i n i t i o n  of In f low Hydrograph Paramete r s  
TABLE 8.2.  Example I In f low Hydrograph Data  
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N and t h e  s ta te  inc rement ,  A s ,  are i n t e r r e l a t e d ;  i . e . ,  t h e  c o r r i d o r  wid th  
P ' 
is e q u a l  t o  (N -1)A and on ly  two of t h e s e  pa ramete rs  can b e  independen t ly  
P  s ' 
s p e c i f i e d .  A  s m a l l  i n i t i a l  c o r r i d o r  wid th  can b e  produced by a combination 
of a s m a l l  number of l a t t i c e  p o i n t s  and a small i n i t i a l  s t a t e  increment .  
The e f f e c t  of choosing a  bad i n i t i a l  t r i a l  t r a j e c t o r y  can b e  re- 
duced i f  a l a r g e  i n i t i a l  c o r r i d o r  w i d t h ,  i. e. , a l a r g e  number of l a t t i c e  
p o i n t s  and /or  a l a r g e  i n i t i a l  s tate inc rement ,  is used.  I n  e s s e n c e ,  t h e  
b e t t e r  t h e  i n i t i a l  t r a j e c t o r y  t h e  smaller t h e  r e q u i r e d  number of l a t t i c e  
p o i n t s  and t h e  i n i t i a l  s t a t e  i n c r e m e n t s ,  o r  s imply ,  t h e  smaller t h e  i n i t i a l  
c o r r i d o r  wid th  which can b e  used. Smal l  s ta te  inc rements  w i t h  many l a t t i c e  
p o i n t s  c a n  b e  used a l s o  t o  e s t a b l i s h  a c o r r i d o r  wid th .  T h i s  can r e s u l t  i n  
improved convergence; however, i n c r e a s i n g  t h e  number o f  l a t t i c e  p o i n t s  
i n c r e a s e s  t h e  computation t i m e .  Computation t i m e  can b e  reduced by in -  
c r e a s i n g  t h e  r e d u c t i o n  rate of t h e  s t a t e  increment  A a t  each  i t e r a t i o n ;  
S 
however, t o o  l a r g e  a r e d u c t i o n  r a t e  of A may cause  t h e  model t o  m i s s  t h e  
S 
o p t i m a l  r e g i o n  t h u s  n o t  p r o v i d i n g  t h e  minimum c o s t  d e s i g n .  Choosing a 
l a r g e  i n i t i a l  s tate inc rement  and a l a r g e  r e d u c t i o n  r a t e  of A may b e  
S 
advantageous.  However, when t h e  i n i t i a l  s tate inc rement  i s  t o o  l a r g e  re- 
s u l t i n g  i n  a l a r g e  i n i t i a l  c o r r i d o r  wid th ,  unnecessa ry  computat ions  are 
performed i n  r e g i o n s  o f  t h e  s t a t e  s p a c e  f a r  from t h e  op t imal .  
Because of t h e  mutual  dependence of t h e  above p a r a m e t e r s ,  t h e  
f o l l o w i n g  s t r a t e g y  is used. Based upon computer r u n s  of s e v e r a l  examples 
u s i n g  v a r i o u s  r e d u c t i o n  rates of A and t h e  r e s u l t s  o f  s t u d i e s  by Mays and 
S 
Yen (19 75) and Mays (19 76) , i t  was concluded t h a t  t h e  b e s t  r e d u c t i o n  rate 
of A s  is 1 / 2 .  Also,  i n s t e a d  of c o n t i n u o u s l y  r e d u c i n g  A s  u n t i l  a minimum 
s p e c i f i e d  increment  i s  reached ,  t h e  f o l l o w i n g  p rocedure  i s  recommended: 
a f t e r  s e v e r a l  s u c c e s s i v e  r e d u c t i o n s  of A a t  t h e  r a t e  o f  1 / 2  ( e . g . ,  a f t e r  
s 
f i v e  i t e r a t i o n s ) ,  t h e n  t h e  s i z e  of A i s  i n c r e a s e d  by some m u l t i p l e  of i t s  
s 
cu r ren t  value. For t he  remaining i t e r a t i o n s  A i s  reduced a t  a  r a t e  of 112 
S 
u n t i l  t h e  s p e c i f i e d  minimum value  is reached. It should be kept  i n  mind 
t h a t  f o r  As t o  be reduced a f t e r  an i t e r a t i o n ,  t he  cos t  c r i t e r i o n ,  Eq .  4 .4 ,  
must be s a t i s f i e d .  It has  been found t h a t  a f t e r  5 i t e r a t i o n s ,  i nc reas ing  
t h e  s t a t e  increment ,  A t o  a  va lue  of 2  o r  3 t imes i ts  p r e s e n t  value is 
s ' 
most s a t i s f a c t o r y .  This procedure has  r e s u l t e d  i n  good convergence t o  a  
minimum c o s t  so lu t ion .  
The r e s u l t s  of s e v e r a l  des igns  f o r  var ious  example sewer systems 
show t h a t  t h e  minimum-cost s o l u t i o n s  normally have p ipe  s lopes  somewhat 
p a r a l l e l  t o  t h e  ground s u r f a c e  s lopes .  Choosing i n i t i a l  t r i a l  t r a j e c t o r i e s  
having crown e l e v a t i o n s  s u f f i c i e n t l y  below t h e  r equ i r ed  minimum s o i l  cover 
depth s o  t h a t  t h e  top of t h e  c o r r i d o r  e i t h e r  fol lows o r  is c l o s e  t o  t h e  
minimum s o i l  cover depth l i n e  i s  advisable .  A gene ra l  gu ide l ine  i n  
s e l e c t i n g  i n i t i a l  crown e l e v a t i o n s  a t  t h e  upstream and downstream s i d e  of 
each manhole is 
i n  which Ed min i s  the  e l e v a t i o n  corresponding t o  t h e  minimum cover depth 
- 
a t  manhole m . 
n y  'm is the  crown e l e v a t i o n  f o r  t h e  i n i t i a l  t r i a l  t r a j e c t o r y  
n  
a t  manhole m . N is the  number of l a t t i c e  p o i n t s  used; and A s  is t h e  
n '  P  1 
i n i t i a l  s t a t e  increment s e l e c t e d .  I n  applying t h i s  g u i d e l i n e  t h e  opt i -  
mizat ion component computes t h e  e l e v a t i o n  of t he  top of t h e  i n i t i a l  
c o r r i d o r  based on t h e  p re sc r ibed  va lues  of 5 , N and As . I f  t h i s  
m P  n  1 
e l e v a t i o n  exceeds E  t h e  va lue  of 5 is lowered by an i n t e g e r  mult i -  d  min m 
n  
p l i e r  of As such t h a t  t h e  e n t i r e  i n i t i a l  co r r ido r  is below E 
1 d  min' 
I n  order  t o  eva lua t e  t h e  s e n s i t i v i t y  of t h e  i n i t i a l  c o r r i d o r  
width and t h e  number of l a t t i c e  po in t s  w i t h i n  t h e  c o r r i d o r  t o  designs f o r  
t h e  Example I system,  t h e  r e s u l t s  o f  i n s t a l l a t i o n  c o s t s  and computer execu- 
t i o n  t i m e  l i s t e d  i n  Tab le  8.3 a r e  p l o t t e d  i n  F ig s .  8 .3  and 8.4 f o r  t h e  
i n i t i a l  c o r r i d o r  wid ths  rang ing  from 2  t o  24 f t  and f o r  numbers of l a t t i c e  
p o i n t s ,  N , equa l  t o  3, 5 ,  7, and 9.  It should  b e  no ted  t h a t  f o r  t h e  runs  
P  
w i t h  N = 3  and 5, t h e  maximum i n i t i a l  c o r r i d o r  wid ths  a r e  l i m i t e d .  Th i s  
P  
is  because  f o r  A 2 6 f t  t h e r e  e x i s t s  i n  t h e  system a t  least one c o r r i d o r  
S 1 
which cannot s a t i s f y  a l l  of t h e  de s ign  cons t r a i n  ts w i t h i n '  t h e  f e a s i b l e  s e t  
of states. 
I n  observ ing  t h e  t r ends  of  t h e  i n s t a l l a t i o n  c o s t  shown i n  F ig .  
8 .3  i t  i s  s een  t h a t  t h e  c o s t  drops  r a p i d l y  w i t h  i n c r e a s i n g  i n i t i a l  c o r r i d o r  
wid th  r e g a r d l e s s  o f  t h e  number of l a t t i c e  p o i n t s  used when t h e  i n i t i a l  
c o r r i d o r  w id th  is  l e s s  than  t h e  average drop of e l e v a t i o n  of  t h e  sewers .  
For ' the  s ake  of s i m p l i c i t y  t h e  average sewer e l e v a t i o n  drop can b e  e s t i -  
mated as t h e  nominal sewer drop,which is  computed as t h e  dif,ference i n  
e l e v a t i o n  between t h e  h i g h e s t  manhole ground e l e v a t i o n  on INL 1 and t h e  
ground e l e v a t i o n  a t  t h e  system o u t l e t ,  d i v ided  by t h e  number of sewers i n  
between. For t h e  example system t h i s  nominal sewer drop is  (421.2-400.0)/7 
= 3.03 f t .  When t h e  i n i t i a l  c o r r i d o r  wid th  i s  g r e a t e r  than  nominal sewer 
drop t h e  i n s t a l l a t i o n  c o s t  l e v e l s  o f f  and f l u c t u a t e s  w i t h i n  1% of t h e  com- 
pu ted  minimum c o s t  of 472,223 (excep t  two p o i n t s  f o r  N = 5) w i t h  no f u r t h e r  
P  
appa ren t  t r end .  I n  o t h e r  words t h e  computed i n s t a l l a t i o n  c o s t  of t h e  de s ign  
depends mainly on t h e  i n i t i a l  c o r r i d o r  wid th  which should  b e  chosen g r e a t e r  
than t h e  average e l e v a t i o n  drop of t h e  sewer. The f l u c t u a t i o n  of t h e  com- 
puted system i n s t a l l a t i o n  c o s t s  i s  due p a r t l y  t o  t h e  f a c t  t h a t  d i s c r e t e  
commercial p i p e  s i z e s  a r e  used and p a r t l y  t h a t  t h e  DDDP procedure  cannot 
gua ran t ee  g l o b a l  o p t i m a l i t y .  For  a  g i v e n  i n i t i a l  c o r r i d o r  w id th ,  t h e  
computed i n s t a l l a t i o n  c o s t s  va ry  randomly f o r  t h e  v a l u e s  of N and A 
P  S 1 
used.  The re fo r e ,  f o r  a  s p e c i f i e d  i n i t i a l  c o r r i d o r  w id th ,  t h e  p r e f e r r e d  
number of l a t t i c e  p o i n t s  used w i t h i n  t h e  c o r r i d o r  i s  determined by 
137 
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F i g .  8 .4 .  V a r i a t i o n s  of Computer Execut ion Time w i t h  I n i t i a l  
Co r r i do r  Width and Number of L a t t i c e  P o i n t s  
t h e  computer e x e c u t i o n  t i m e .  A s  shown i n  Pig .  8.4,  t h e  e x e c u t i o n  t ime depends 
mainly on t h e  number of l a t t i c e  p o i n t s  f o r  i n i t i a l  c o r r i d o r  w i d t h s  g r e a t e r  
t h a n  t h e  nominal  sewer  drop,  and f o r  t h e  example, averages  a b o u t  1 .2  s e c  p e r  
l a t t i c e  p o i n t .  I t  can a l s o  b e  observed t h a t  t h e  e x e c u t i o n  t ime t e n d s  t o  
i n c r e a s e  s l i g h t l y  w i t h  i n c r e a s i n g  i n i t i a l  c o r r i d o r  wid th .  Thus, i t  can b e  
concluded from t h e s e  r e s u l t s  and e x p e r i e n c e  w i t h  o t h e r  examples t h a t  an 
i n i t i a l  c o r r i d o r  G i d t h  of two t o  f i v e  t imes  t h e  nominal  sewer drop w i t h  3  t o  
7  l a t t i c e  p o i n t s  u s u a l l y  p r o v i d e s  .good r e s u l t s  whereas u s i n g  9 o r  more l a t t i c e  
p o i n t s  merely i n c r e a s e s  ,execut ion t i m e  w i t h o u t  s i g n i f i c a n t  improvement i n  
des ign .  With t h e  i n i t i a l  c o r r i d o r  wid th  and number o f  l a t t i c e  p o i n t s  chosen,  
t h e  v a l u e  of i n i t i a l  s ta te  inc rement ,  A , can b e  de te rmined  a c c o r d i n g l y .  
S 1 
Of c o u r s e  i t  s h o u l d  b e  recognized  t h a t  t h e  d e s i g n  c o n s t r a i n t s  w i l l  have  some 
e f f e c t  b u t  t h o s e  used  i n  t h 2 s  example a r e  t y p t c a l .  
I n  o r d e r  t o  v e r i f y  t h e  above c o n c l u s i o n  on s e n s i t i v i t y  t o  tile o p t i -  
m i z a t i o n  i n p u t  pa ramete rs  f o r  more s o p h i s t i c a t e d  l e a s t - c o s t  d e s i g n  models,  
t h e  Example I sewer sys tem was t e s t e d  by u s i n g  t h e  o t h e r  models l i s t e d  i n  T a b l e  
7 - 1 .  The r e s u l t s  f o r  Models B-1, B-2, and B-3 which i n c o r p o r a t e  r o u t i n g  by 
u s i n g  t h e  hydrograph t ime  l a g ,  k i n e m a t i c  wave, and Muskingum-Cunge methods , 
r e s p e c t i v e l y ,  are summarized i n  Tab le  8.4 and p l o t t e d  i n  F i g s .  8.5 and 8.6. 
For a l l  t h e s e  models 7 l a t t i c e  p o i n t s  forming t h e  c o r r i d o r  were  u s e d ,  and 
t h e  maximum d i s t a n c e  increment  f o r  computat ions ,  Axmax ' a l o n g  each  sewer was 
800 f t .  For  Models B-1 and B-2 t h e  r o u t i n g  t ime inc rement  A t  was 120  s e c .  
The Example I sewer sys tem was a l s o  des igned  by u s i n g  Models C and D l i s t e d  
i n  Tab le  7 .1  i n c o r p o r a t i n g  t h e  r i s k  component, a g a i n  u s i n g  7  l a t t i c e  p o i n t s ,  
and f o r  a d e s i g n  s e r v i c e  p e r i o d  of 25 y e a r s .  The r i s k - s a f e t y  f a c t o r  curves  
d e s c r i b e d  i n  S e c t i o n  5.4 f o r  Urbana, I l l i n o i s  a r e  assumed a p p l i c a b l e  t o  t h i s  
example. The l e a s t - c o s t  sys tem d e s i g n s  f o r  Model C were performed u s i n g  t h e  
assumed a s s e s s e d  damage c o s t  s c a l e s  g iven  i n  Tab le  8.5 and t h e  r e s u l t s  are 
TABLE 8.4. Resu l t s  f o r  Example I Using Routing Components 
I n i t i a l .  
Co r r i do r  
Width *s 1 
f t  f t  
Model B- 1 Model B-2 
Hydrograph Time Lag Kinematic Wave 
Ececu- Execu- 
I n s t a l l a t i o n  t i o n  I n s t a l l a t i o n  t i o n  
Cost time Cost t ime 
$ 5 s e c  $ s e c  
465,401 5 .3  453,317 46.6 




I n s  t a l l a t i o n  t i o n  
Cost t ime 
$ s e c  


p r e s e n t e d  i n  Tab le  8.6. The r e s u l t s  f o r  Model D u s i n g  t h e  a s s e s s e d  damage 
s c a l e  A l i s t e d  i n  Tab le  8 .5  a r e  summarized i n  Table  8.7. As can b e  s e e n  from 
t h e s e  two t a b l e s  and from F i g s .  8.5 and 8 . 6 ,  t h e  c o n c l u s i o n s  drawn from 
Model A on t h e  e f f e c t s  of t h e  i n i t i a l  c o r r i d o r  wid th  and t h e  number of 
l a t t i c e  p o i n t s  i n  forming t h e  c o r r i d o r  (and hence t h e  magni tude of t h e  
s t a t - e  inc rement )  app ly  t o  t h e  more s o p h i s t i c a t e d  l e a s t - c o s t  sys tem de- 
s i g n  models a s  w e l l .  
TABLE 8.5. H y p o t h e t i c a l  Assessed Damage S c a l e s  
However, a s  shown i n  F i g .  8 .5 ,  t h e  f l u c t u a t i o n  of t h e  sys tem 
c o s t  f o r  d i f f e r e n t  i n i t i a l  c o r r i d o r  wid ths  f o r  Models B-2 and B-3 a r e  
c l e a r l y  more t h a n  f o r  Models A and B-1 .  A t  f i r s t  g l a n c e ,  such a p p r e c i a b l e  
f l u c t u a t i o n s  make i t  l e s s  c e r t a i n  t h a t  u s i n g  a  s e l e c t e d  p a i r  of i n i t i a l  
c o r r i d o r  wid th  and number of l a t t i c e  p o i n t s  t o g e t h e r  w i t h  t h e  s e l e c t e d  
i n i t i a l  t r i a l  t r a j e c t o r y  would produce a  d e s i g n  t h a t  i s  reasonab ly  c l o s e  
t o  t h e  g l o b a l  optimum. A c t u a l l y ,  a  c a r e f u l  examinat ion of t h e  r e s u l t i n g  
d e s i g n s  r e v e a l s  t h a t  t h e  f l u c t u a t i o n s  are caused mainly  by changes i n  t h e  
s i z e  of one o r  two sewers. Because of t h e  d i s c r e t e  s i z e s  o f  commercial 
TABLE 8 .6 .  R e s u l t s  f o r  Cxanple I Using ;lode1 C IJ i th  Risk Coinponent 
pipes ,  f o r  a small  system l i k e  t h a t  of Example I ,  the  change of t h e  s i z e  
of one sewer may produce an apprec iable  change i n  t h e  c0s.t. The cos t  
change i s  p a r t i c u l a r l y  no t i ceab le  i f  t h e  sewer s i z e  i s  g r e a t e r  than 30 i n . ,  
s i n c e  6 i n .  s i z e  increments would then be  used and t h e  cos t  (computed by E q .  
2.1) i nc reases  more r ap id ly  with p ipe  s i z e .  This i s  indeed the  case  f o r  
t h e  Example I system a s  a l l  t h e  l a r g e  cos t  f l u c t u a t i o n s  a r e  due t o  the  
change of a sewer from 36 i n .  t o  42 i n .  o r  v i c e  verse.  Nonetheless,  i t  i s  
expected t h a t  f o r  a l a r g e  sewer system the  system cos t  would f l u c t u a t e  
much l e s s  wi th  r e spec t  t o  the i n i t i a l  co r r ido r  width and number of l a t t i c e  
po in t s  used and the  r e s u l t i n g  design would be reasonably c lose  t o  the  
g loba l  optimum. 
TABLE 8.7. Resul t s  f o r  Example I Using Model D With Risk 
and Hydrograph Time Lag Routing Components 











8.2.3. Comparison of Example I R e s u l t s  Using Various  Design Models 
8.2.3.1. E f f e c t  o f  Rout ing on Design - The system c o s t s  f o r  t h e  Example I 
sewer  sys tem des igned  by u s i n g  t h e  v a r i o u s  models l i s t e d  i n  Table  7 .1  have 
been p r e s e n t e d  i n  F i g s .  8 . 3  t o  8 .6  and Tab les  8 .3 ,  8 .4 ,  8.6 and 8.7. A 
comparison of t h e s e  c o s t s  p r o v i d e s  some i n t e r e s t i n g  and u s e f u l  i n f o r m a t i o n .  
As can b e  s e e n  i n  Fig .  8.5 t h e  models i n c o r p o r a t i n g  t h e  r o u t i n g  component 
always produce d e s i g n s  w i t h  a c o n s i d e r a b l e  lower  t o t a l  c o s t  t h a n  t h e  cor-  
r esponding  models w i t h o u t  r o u t i n g .  T h i s  r e s u l t  i s  expec ted  i n  view of t h e  
d i s c u s s i o n  p r e s e n t e d  i n  S e c t i o n  6.3. The r o u t i n g  p rocedure  can phase  t h e  
ups t ream and l o c a l  i n f l o w  hydrograph peaks  such t h a t  t h e  peak of t h e i r  sum 
is less t h a n  t h e  sum of t h e i r  i n d i v i d u a l  peaks .  
Among t h e  t h r e e  r o u t i n g  models ,  t h e  Muslcingun-Cunge method 
u s u a l l y  p r o v i d e s  t h e  b e s t  r e s u l t s  because  i t  p a r t i a l l y  accounts  f o r  t h e  
sewer s t o r a g e  and t h e  peak d i s c h a r g e  a t t e n u a t i o n ,  whereas t h e  hydrograph 
t ime-lag s h i f t i n g  method u s u a l l y  produces h i g h e s t  c o s t  d e s i g n s .  T h i s  
indeed i s  t h e  c a s e  a s  can b e  s e e n  from F i g .  8.5.  13owever, t h e  r e d u c t i o n  
of sys tem c o s t  between l lodels  B-3 and B - 1  i s  on ly  a  few p e r c e n t  whereas 
t h e  computer e x e c u t i o n  t ime  i s  i n c r e a s e d  by one o r d e r  of magnitude (P ig .  
8 . 6 ) .  I n  view of t h e  f a c t  t h a t  none of t h e  t h r e e  r o u t i n g  methods i s  e x a c t  
t h e  least c o s t  d e s i g n  shou ld  b e  checked h y d r a u l i c a l l y  (when economical ly  
j u s t i f i e d )  u s i n g  a  more r e l i a b l e  h y d r a u l i c  model such  a s  t h e  ISS Model 
(Sevuk e t  a l . ,  1973) and r e a d j u s t e d  i f  n e c e s s a r y .  
The much s i m p l e r  Model B - 1  appears  t o  be  j u s t  a s ~ u s e f u l  a s  t h e  s l i g h t l y  
more a c c u r a t e  Model B-3,  w i t h  t h e  p r e f e r e n c e  depending p r i m a r i l y  on t h e  
p a r t i c u l a r  d e s i g n  s i t u a t i o n .  Conversely ,  Model B-2 u s u a l l y  produces  a 
d e s i g n  v e r y  c l o s e  t o  t h a t  by Model B - 1  whereas t h e  computer e x e c u t i o n  t ime 
of t h e  former  is one o r d e r  of magnitude h i g h e r .  Consequently Model B-2 
appears  t o  b e  l e a s t  u s e f u l .  Moreover, i t  shou ld  b e  emphasized t h a t  t h e  
q u a n t i t a t i v e  d i f f e r e n c e s  of t h e  d e s i g n s  u s i n g  d i f f e r e n t  models a r e  a 
f u n c t i o n  of t h e  sys tem s i z e  and i n f l o w  hydrographs .  T h e r e f o r e  i t  would b e  
m i s l e a d i n g  t o  q u a n t i t a t i v e l y  d i s c u s s  c o s t  s a v i n g s  as a f u n c t i o n  of d e s i g n  
model based on one example. 
8.2.3.2. Hydrau l ic  Design vs .  Least-Cost  Design - The d e s i g n s  of t h e  
Example I sewer  sys tem u s i n g  d i f f e r e n t  l e a s t - c o s t  d e s i g n  models a r e  swnmarized 
i n  Tab les  8.8,  8.9 and 8.10 g i v i n g  t h e  d i a m e t e r s ,  s l o p e s ,  and crown e l e v a t i o n s  
o f  t h e  sewers .  The d e s i g n s  p r e s e n t e d  i n  t h e s e  t a b l e s  a s  examples were ob- 
t a i n e d  by u s i n g  an i n i t i a l  c o r r i d o r  wid th  o f  6 f t  w i t h  7 l a t t i c e  p o i n t s  t o  
form t h e  c o r r i d o r s .  
S i n c e  t h e  Example I sys tem was used  by Yen and Sevuk (1975) f o r  
t h e  h y d r a u l i c  d e s i g n  of sewer  s i z e s  u s i n g  t h e  same i n f l o w  hydrographs ,  i t  
would b e  i n t e r e s t i n g  t o  compare t h e i r  r e s u l t s  u s i n g  t h e  no t i m e  l a g ,  hydro- 
graph t i m e  l a g ,  and n o n l i n e a r  k i n e m a t i c  wave r o u t i n g  methods t o  t h e  r e s u l t s  
of Models A,  B-1 ,  and B-2, r e s p e c t i v e l y .  The comparison i n d i c a t e s  t h a t  w i t h  
t h e  e x c e p t i o n  of one sewer  each f o r  t h e  hydrograph t i m e  l a g  and n o n l i n e a r  
k i n e m a t i c  wave r o u t i n g s ,  a l l  t h e  sewers  i n  t h e  l e a s t - c o s t  d e s i g n s  a r e  e q u a l  
o r  s m a l l e r  t h a n  t h e  cor responding  sewers  i n  t h e  h y d r a u l i c  d e s i g n s .  S i n c e  
t h e  sewers  i n  t h e  elcample h y d r a u l i c  d e s i g n  a r e  g e n e r a l l y  b u r i e d  deeper  under  
t h e  ground s u r f a c e ,  c l e a r l y  t h e  t o t a l  c o s t  o f  t h e  sewer  sys tem i s  lower f o r  
t h e  l e a s t - c o s t  d e s i g n  than  t h e  h y d r a u l i c  d e s i g n .  However, t h e  c o s t s  f o r  
t h e  h y d r a u l i c  d e s i g n s  are n o t  g i v e n  h e r e  because  a f a i r  comparison cannot  
b e  made. I n  Yen and Sevuk 's  d e s i g n s  t h e r e  are drops  s p e c i f i e d  a t  t h e  e x i t s  
o f  c e r t a i n  sewers  whereas i n  t h e  p r e s e n t  s t u d y  o n l y  t h e  crown e l e v a t i o n s  
a r e  s p e c i f i e d  a t  t h e s e  l o c a t i o n s .  The e x i s t e n c e  of t h e  drops  reduces  t h e  
s l o p e  of t h e  sewers  r e s u l t i n g  i n  l a r g e r  d i a m e t e r s  and hence i n c r e a s i n g  t h e  
c o s t .  However, i t  i s  e s t i m a t e d  t h a t  even w i t h  t h e  same c o n s t r a i n t s ,  t h e  
l e a s t - c o s t  d e s i g n  models would produce a lower  c o s t  d e s i g n  t h a n  t h e  hy- 
d r a u l i c  model. 
TABLE 8.8. Least-Cost  Designs of Example I Sewer 
System w i t h o u t  Consider ing Risks  
I f t  f r  in. I 
Upstream 
I s o n o d a l  Upstream Downstream 
Line  Manhole Manhole 
Design Using Model A 
Design Using Model B-1  
Sewer Sewer 
S lope  Diameter 
Crown E l e v a t i o n s  
Upstream Downstream 
TABLE 8.8. (Continued) 
Upstream Grown Eleva t ions  I sonodal  Upstream Downstream I I Sewer Sewer 
Line Manh o l e  Manhole I Upstream I Downstream 1 Slope Diameter 
Design Using Model B-2 
Design Using Model B-3 
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TABLE 8.10. Least-Cost Designs of Example I Sewer System Using Model D 
Using Damage S c a l e  A 
6 1 1 393.19 386.44 0.00511 4 8 
5 1 1 397.60 393.19 0.00365 48 
4 1 1 402.94 399.31 0.00362 3 6 
2 1 403.50 398.94 0.01113 36 
3 1 1 403.80 402.94 0.00123 36 
2 1 406.45 402.94 0.00439 30 
3 2 405.80 403.50 0.00605 36 
4 2 407.70 404.38 0.01131 24 
2 1 1 409.30 405.31 0.01246 24 
2 2 409.50 406.45 0.00508 2 1 
3 2 408.10 406.45 0.00367 2 7 
4 3 410.45 406.25 0.01167 2 7 
5 3 413.40 408.31 0.01106 2 4 
1 1 4 413.20 410.45 0.00539 2 7 
Upstream 
I sonoda l  Upstream Downstream 
Lint? Manhole Manhole 
Using Damage S c a l e  B 
6 1 1 393.81 388.63 0.00393 42 
5 1 1 397.60 393.81 0.00313 42 
4 1 1 402.69 399.69 0.00300 3 6 
2 1 403.50 400.44 0.00747 36 
3 1 1 403.80 402.69 0.00159 3 0 
2 1 406.25 402.75 0.00437 2 7 
3 2 405.80 403.81 0.00523 36 
4 2 407.70 403.88 0.01301 2 1  . 
2 1 1 409.30 404.63 0.01461 2 1 
2 2 , 409.50 406.25 0.00542 1 8  
3 2 408.10 406.25 0.00411 2 4 
4 3 410.45 405.81 0.01288 24 
5 3 413.40 407.63 0.01255 2 1 
1 1 4 413.20 410.45 0.00539 2 4 
Using Damage S c a l e  C 
6 1 1 393.44 387.38 0.00459 42 
5 1 1 397.60 393.44 0.00344 4 2 
4 1 1 403.00 399.63 0.0033 7 30 
2 1 403.50 400.44 0.00747 30 
3 1 1 403.80 403.00 0.00114 2 7 
2 1 406.57 403.81 0.00345 2 4 
3 2 405.80 404.13 0.00441 30 
4 2 407.70 404.31 0.01152 1 8  
2 1 1 409.30 405.63 0.01148 1 8  
2 2 409.50 406.70 0.00467 1 8  
3 .  2 408.10 406.57 0.00339 2 1 
4 3 410.63 406.69 0.01094 2 1 
5 3 413.40 408.06 0.01160 1 8  
1 1 4 413.20 410.63 0.00505 2 1 
Upstream Downstream 
Sewer 
S lope  Diameter 
sewer 
i n .  
A s  can b e  s e e n  from T a b l e  8 . 8 ,  w j  t h  r a r e  e x c e p t i o n s ,  t h e  sewer 
s i z e s  f o r  Model A w i t h o u t  r o u t i n g  a r e  e q u a l  o r  g r e a t e r  t h a n  t h e  cor respond ing  
sewers  des igned  by models w i t h  r o u t i n g .  T h i s  i s  p a r t i c u l a r l y  obvious  f o r  
downstream sewers .  Comparison between l lodels  C and D (Tab les  8 .9  and 8.10) 
y i e l d s  t h e  same c o n c l u s i o n .  However, t h e  d e s i g n s  by t h e  t h r e e  models 
w i t h  r o u t i n g  a r e  a lmos t  t h e  same. There  a r e  no more t h a n  two sewers  
d i f f e r e n t  i n  s i z e  between any two of t h e  d e s i g n s  from Models B - 1 ,  13-2, 
and B-3. T h i s  a g a i n  i n d i c a t e s  t h a t  u n l e s s  t h e  hydrograph a t t e n u a t i o n  e f f e c t  
i s  v e r y  i m p o r t a n t ,  Models B-2 and B-3 inay n o t  o f f e r  s i g n i f i c a n t  improvement 
i n  d e s i g n  o v e r  Model B - 1  w h i l e  r e q u i r i n g  c o n s i d e r a b l y  more computer t i m e .  
8 .2 .3 .3 .  E f f e c t  o f  Cons ide r ing  Risks  i n  Design - S i n c e  t h e  p r e s e n t  s t u d y  
p r o v i d e s  t h e  f i r s t  models t o  i n c o r p o r a t e  t h e  r i s k  component i n t o  a  l e a s t -  
c o s t  d e s i g n ,  i t  i s  of  c o n s i d e r a b l e  i n t e r e s t  t o  examine t h e  e f f e c t  of  r i s k s  
on t h e  des ign .  P r e s e n t e d  i n  Table  8 .11  a r e  t h e  r i s k s  f o r  each o f  t h e  sewers  
i n  t h e  s y s t e m  assuming a  d e s i g n  s e r v i c e  l i f e  o f  25 y e a r s  f o r  each of  t h e  
d e s i g n s  u s i n g  t h e  s i x  models. Even though Models A and B do n o t  i n c l u d e  
t h e  r i s k  component i n  t h e  o p t i m i z a t i o n  p r o c e d u r e ,  t h e  i m p l i c i t  r i s k  f o r  
each  sewer  a s s o c i a t e d  w i t h  t h e  l e a s t - c o s t  des igns  can b e  c a l c u l a t e d  u s i n g  
t h e  same 25-yr r i s k - s a f e t y  f a c t o r  cu rve  a s  employed i n  t h e  d e s i g n s  u s i n g  
Models C and D. The sewer c a p a c i t y ,  6 i s  c a l c u l a t e d  by  u s i n g  Manning's C 
formula ,  Eq. 5 .18 ,  w i t h  S  = S . The s a f e t y  f a c t o r  i s  t h e n  computed a s  
0 
- 
QC/Qo w i t h  Q - 
0 - Qp . Subsequen t ly  t h e  r i s k  i s  o b t a i n e d  through t h e  25-yr 
r i s k - s a f e t y  f a c t o r  r e l a t i o n s h i p .  I f  t h e  s e r v i c e  l i f e  o f  t h e  sewers  a r e  
d i f f e r e n t ,  t h e  computed r i s k s  w i l l  a l s o  va ry .  
The d e s i g n s  u s i n g  Models C and D va ry  w i t h  t h e  d e s i g n  s e r v i c e  
l i f e  and t h e  a s s e s s e d  damage v a l u e s .  Without  s p e c i f y i n g  t h e  maximum 
a c c e p t a b l e  r i s k ,  Models C and D each produces  a  l e a s t - c o s t  d e s i g n  t o g e t h e r  
TABLE 8.11. Risks Assoc ia ted  w i t h  Example I Designs Using Various Models 
































































































































Sca le  B 
0.264 
0.612 




Sca l e  B 
0.619 
0.617 




































































w i t h  a  set of a s s o c i a t e d  r i s k s  f o r  each of t h e  sewers .  Th is  de s ign  is  t h e  
minimum c o s t  des ign  among a l l  t h e  l e a s t - c o s t  de s igns  f o r  d i f f e r e n t  r i s k  
l e v e l s  f o r  t h e  s p e c i f i e d  p r o j e c t  l i f e .  Moreover, f o r  a g iven  a s se s sed  damage 
s c a l e ,  i f  t h e  expec ted  sewer l i f e  is 50 y r  i n s t e a d  of 25 y r  (used i n  Tables  
8.9, 8.10, and 8.11) , t h e  l e a s t - c o s t  de s igns  would have l a r g e r  p ipe s  w i th  
h i g h e r  i n s t a l l a t i o n  c o s t s  t o  o f f s e t  t h e  i n c r e a s e  i n  expec ted  damage c o s t s .  
The e f f e c t  of t h e  r i s k  component can perhaps  be more c l e a r l y  seen  
when c o s t  f i g u r e s  a r e  examined. A s  can b e  seen  from Table  8.11,  by comparing 
t h e  des ign  of Model A t o  t h o s e  by Model C ,  and Model B - 1  t o  Model D ,  
r e s p e c t i v e l y ,  t h e  g e n e r a l  e f f e c t  of i nc lud ing  t h e  r i s k  component i n  des ign  i s  
t o  lower t h e  r i s k s  by i n c r e a s i n g  t h e  sewer c a p a c i t i e s  (and hen(-e i n c r e a s i n g  
t h e  i n s t a l l a t i o n  c o s t s )  t o  o f f s e t  t h e  expec ted  damage c o s t s ,  s o  t h a t  t h e  t o t a l  
c o s t  of t h e  system i s  minimized. The i n s t a l l a t i o n ,  expec ted  damage, and t o t a l  
c o s t s  f o r  t h e  de s igns  u s ing  Models A ,  B - 1 ,  C and D a r e  summarized i n  Tab le  
8.12 f o r  comparison. The damage c o s t s  f o r  Models A and B-1, which do n o t  
i n c l u d e  t h e  r i s k  component, were computed u s ing  t h e  r i s k s  determined i n  Tab l e  
8.11.  I n  f a c t ,  Models A and B-1  can be  cons idered  r e s p e c t i v e l y  a s  ex t ens ions  
of Models C and D w i th  an  a s s e s s e d  damage s c a l e  e q u a l  t o  z e ro .  Note t h a t  
t h e  r i s k  va lue s  f o r  many of t h e  sewers  f o r  t h e  Model C de s ign  us ing  damage 
s c a l e  C a r e  i d e n t i c a l  t o  those  o f  t h e  Model A de s ign ,  w i t h  t h e  average r i s k  
be ing  s l i g h t l y  lower.  
To des ign  a sewer  s y s  tem f o r  a g iven  d r a inage  a r e a  t o  s e r v e  f o r  
an expec ted  p e r i o d ,  t h e  h i g h e r  t h e  a s s e s sed  damage va lue s  ( e .  g. , S c a l e  A 
f o r  Model C i n  Table 8 .11) ,  t h e  s m a l l e r  i s  t h e  r i s k  of t h e  l e a s t - c o s t  des ign .  
However, i f  t h e  damage c o s t s  a r e  s m a l l  (e .  g . ,  S c a l e  C o f  Model C o r  Model 
A i n  Table  8 .11) ,  i t  is  economically j u s t i f i e d  t o  use  h igh  r i s k  de s igns ;  
i . e . ,  s m a l l e r  p ipe s .  This  can f u r t h e r  b e  i l l u s t r a t e d  by comparing t h e  
c o s t s  f o r  Model C o r  D des igns  l i s t e d  i n  Tab le  8.12 us ing  t he  t h r e e  d i f f e r e n t  
TABLE 8.12. Cost  Comparison f o r  Example I Designs 
a s s e s s e d  damage s c a l e s .  A s  t h e  a s s e s s e d  damage v a l u e s  d e c r e a s e  from S c a l e  
A t o  S c a l e  C ,  b o t h  t h e  i n s t a l l a t i o d  and t h e  t o t a l  c o s t s  d e c r e a s e .  Theore- 
t i c a l l y ,  t h e  expec ted  damage c o s t  s h o u l d  a l s o  b e  d e c r e a s i n g  monotonical ly  






c o s t  would occupy a smaller percen tage  of t h e  t o t a l  c o s t  and t h e  i n s t a l l a -  
Cost  
I n s t a l l  
Damage 
Tot a1 
I n s t a l l  
Damage 
T o t a l  
I n s  t a l l  
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To t a l  
I n s t a l l  
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t i o n  c o s t  would occupy an i n c r e a s i n g  percen tage .  However, because  of t h e  
d i s c r e t e  s i z e s  o f  commer c i a 1  p i p e s  , t h e r e  a r e  f l u c t u a t i o n s  w i t h  r e s p e c t  




























f o r  Models C and D. T h i s  a l s o  means t h a t  f o r  any sewer  i n  t h e  sys tem t h e  
r i s k  chosen by t h e  o p t i m i z a t i o n  phase  may v a r y  o v e r  a wide range.  Supposedly ,  
t h e  i n s t a l l a t i o n  c o s t  f o r  t h e  Model A d e s i g n  i s  e q u i v a l e n t  t o  t h e  c a s e  of 
t h e  Model C des ign  w i t h  z e r o  a s s e s s e d  damage v a l u e s .  Hence, t h e  i n s t a l l a t i o n  
c o s t  f o r  Model A d e s i g n  shou ld  b e  s l i g h t l y  l e s s  t h a n  t h a t  f o r  Model C u s i n g  
a s s e s s e d  damage s c a l e  C.  However, a s  shown i n  Tab le  8.12,  t h e  i n s t a l l a t i o n  
c o s t  f o r  t h e  l a t t e r  i s  $474,177 whereas t h a t  f o r  Model A i s  $474,370. The 
reason  of t h i s  d i sc repancy  is  t h a t  DDDP does n o t  g u a r a n t e e  g l o b a l  o p t i m a l i t y ;  
and a s  shown i n  F ig .  8.3,  t h e  minimum i n s t a l l a t i o n  c o s t  f o r  Model A i s  
a c t u a l l y  around $472,000, which i s  about  one-half  p e r c e n t  lower than  t h e  
v a l u e  g iven  i n  Tab le  8.12.  
Table  8.12 a l s o  i l l u s t r a t e s  t h e  d i s a d v a n t a g e  of n o t  aonsider i f ig  
damage c o s t s  i n  des ign .  For example,  comparing Models B - 1  and D u s i n g  
S c a l e  A ,  t h e  i n s t a l l a t i o n  c o s t  f o r  the  Model B-1 d e s i g n  i s  $433,016 which 
is  lower than t h e  $530,379 c o s t  r e s u l t i n g  from Model D. However, f o r  t h e  
25-yr d e s i g n  s e r v i c e  p e r i o d  t h e  expec ted  damage c o s t  a s s o c i a t e d  w i t h  t h e  
Model B-1 d e s i g n  i s  $1,154,000 which i s  c o n s i d e r a b l y  h i g h e r  than $21,071 
f o r  t h e  Model D des ign .  This  shows t h a t  damage c o s t s  a r e  p a r t i c u l a r l y  
i m p o r t a n t  when t h e  a s s e s s e d  damage v a l u e s  a r e  h i g h  and when t h e  expec ted  
s e r v i c e  l i f e  i s  long .  
8.3. Example I1 
To f u r t h e r  i l l u s t r a t e  t h e  a p p l i  c a t i o n  of t h e  d e s i g n  models a n o t h e r  
sewer  sys tem i s  chosen a s  Example 11. This  i s  t h e  sewer sys tem used t o  i l l u s -  
t r a t e  t h e  r a t i o n a l  method i n  ASCE (1969, p. 54) Manual No. 37 and i s  f a m i l i a r  
t o  many e n g i n e e r s  invo lved  i n  s to rm d r a i n a g e  d e s i g n .  
8 .3 .1 .  Sewer System D e s c r i p t i o n  
The l a y o u t  of t h e  Example I1 sewer  sys tem i s  reproduced i n  Fig .  
8 .7 ,  and i t s  i s o n o d a l  l i n e s  and manholes a r e  shown i n  F ig .  8 . 8  t o g e t h e r  
w i t h  t h e  cor responding  manhole n o t a t i o n  used i n  F ig .  8.7.  
The i n p u t  d a t a  f o r  t h e  sewer  sys tem r e q u i r e d  by t h e  d e s i g n  models 
a r e  summarized i n  Tab le  8.13. The Manning roughness f a c t o r  n  is  0.013 f o r  
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TABLE 8.13. Example I1 Sewer System Input  Data 
I sonodal  Man110 l e  Ground Downstream sewer Peak Inf low 
Line Number E l e v  Manhole Length 
f  t Numb er f  t 
a l l  the  sewers.  The peak inf lows a r e  i n  p a r t  taken a s  t h e  des ign  flows calcu- 
l a t e d  i n  Table X I 1 1  of ASCE (1969) Manual No. 37. However, i n  t h a t  t a b l e  only 
the  design of Line A i n  Fig.  8.7 i s  given.  The d i r e c t  in f lows  f o r  manholes 
i n  Lines B ,  C and D a r e  computed us ing  the  r a t i o n a l  formula.  For design 
Models B and D w i t h  rou t ing ,  a l l  the  manhole d i r e c t  i n f low hydrographs a r e  i 
assumed t o  b e  symmetric and t r i a n g u l a r  i n  shape (Fig.  8.2) w i t h  a  cons tan t  
i 
b a s e  flow Qb = 0 . 1  c f s ,  a  ba se  time T = 2400 s e c  and i n i t i a l  r i s e  t i m e  
T = 0. Only t he  peak flow r a t e  Q v a r i e s  as given i n  Table 8.13. 
P  
In  a d d i t i o n ,  i n  t h e  design the  minimum s o i l  cover depth above t h e  
sewer crown i s  3.5 f t .  The al lowable maximum sewer f low v e l o c i t y  i s  10 f p s  
and t h e  minimum is  2  fp s .  For Models B and D,  Axmax is 400 f t  and A t  i s  120 
I 
s e c .  For a l l  t he  models, t h e  i n i t i a l  c o r r i d o r  width f o r  t h e  op t imiza t ion  
procedure  is 12 f t  w i t h  7  l a t t i c e  p o i n t s  (and hence  i n i t i a l  s ta te  increment  
= 2.0 f t ) .  The nominal  sewer e l e v a t i o n  drop i s  (98.4 - 88.0) /6 = 1 . 7  f t  which 
is c o n s i d e r a b l y  smaller than t h e  i n i t i a l  c o r r i d o r  wid th  used.  The r e d u c t i o n  
rate of As i s  112. 
Again only  commercial s i z e  p i p e s  a r e  cons idered  i n  t h e  d e s i g n s .  How- 
e v e r ,  a minimum d iamete r  of 12 i n .  i n s t e a d  of 8  i n .  i s  used s i n c e  t h i s  c o n s t r a i n t  
was imposed i n  t h e  ASCE des ign .  I n  a p p l y i n g  Models C and D (Table  7.1) t o  
Example I1 sewer  sys tem,  f o r  s i m p l i c i t y  a c o n s t a n t  v a l u e  of $10,000 is  assumed 
f o r  t h e  a s s e s s e d  damage c o s t  i n s t e a d  o f  a s c a l e  t h a t  v a r i e s  w i t h  sewer l e n g t h  
f o r  Example I. 
8.3.2.  Example I1 R e s u l t s  
The r e s u l t s  f o r  t h i s  exzmple i l l u s t r a t e  t h e  s a m e  t r e n d s  as shown 
by Example I. The sewer  s i z e s ,  s l o p e s  and crown e l e v a t i o n s  o f  t h e  l e a s t - c o s t  
d e s i g n s  u s i n g  Models A and B are g iven  i n  Table  8.14 and Models C and D i n  
Table  8.15. The t r a d i t i o n a l  des ign  u s i n g  t h e  r a t i o n a l  method as g iven  i n  
ASCE (1969) Manual 37 i s  summarized i n  .Table 8.16 f o r  comparison. I n  
TABLE 8.14.  Least-Cost  Designs o f  Example I1 Sewer System w i t h o u t  Cons ider ing  Risks  
Upstream 
I s o n o d a l  Upstream Downstream 
Line  Manho le  Manhole Downstream 
f t  
Crown E l e v a t i o n s  
I 
S lope  Diameter 
i n .  
Sewer Sewer 
Design Using Model A 


































TABLE 8.15. Least-Cost Designs of Example I1 Sewer System Considering 
Risks 
Upstream Crown Eleva t ions  Isonodal  Upstream Downstream I Sewer Sewer 
Design Using Model C 
Line Manhole Manhole 
Design Using Model D 
TABLE 8.16. Design of Example I1 Sewer System as  Given i n  ASCE Manual 37 
Upstream 
f t  
Upstream Crown Eleva t ions  Isonodal  Upstream Downstream / Sewer Sever 
Line Manhole Manhole I Upstream Downstream Slope Diameter 
Downstream 
f  t 
Slope Diameter 
in .  
t h e  Model C and D de s igns  t h e  a s se s sed  damage v a 1 u e . i ~  $10,000 f o r  each  sewer 
as mentioned p r ev ious ly .  It i s  a l s o  assumed t h a t  t h e  25-yr r i s k - s a f e t y  f a c t o r  
curve developed i n  S e c t i o n  5 , 4  f o r  Urbana, I l l i n o i s  i s  d i r e c t l y  a p p l i c a b l e  t o  
t h i s  example w i thou t  ad jus tment .  The r i s k s  a s s o c i a t e d  w i t h  t h e  de s igns  u s ing  
t h e  s i x  l e a s t - c o s t  de s ign  models as w e l l  a s  t h e  r a t i o n a l  method des ign  a r e  g iven  
i n  Tab l e  8.17.  The i m p l i c i t  r i s k s  f o r  t h e  des igns  o f  Models A and B and t h e  ASCE 
des ign  a r e  computed i n  a  manner as de sc r i bed  i n  S e c t i o n  8 .2 .3 .3  f o r  Example I .  
The i n s t a l l a t i o n ,  expec ted  damage, and t o t a l  c o s t s  f o r  t h e  de s igns  a r e  l i s t e d  
i n  Tab l e  8.18.  The same i n s t a l l a t i o n  c o s t  f u n c t i o n s  (Eqs. 2 . 1  and 2 .2)  and 
a s se s sed  damage v a l u e  used i n  Models C and D t o g e t h e r  w i t h  t h e  r i s k s  l i s t e d  
i n  Tab l e  8 .17  are used  t o  determine t h e  expec ted  damage c o s t s  f o r  t h e  des igns  
of Models A ,  B and t h e  ASCE r a t i o n a l  method. 
Consider ing i n s t a l l a t i o n  c o s t s  on ly ,  i t  is  a g a i n  s een  from Table  
8.18 t h a t  any o f  t h e  r o u t i n g  techn iques  lowers  t h i s  c o s t  whereas t h e  i nc lu -  
s i o n  of t h e  r i s k  component (Models C and D) i n c r e a s e s  i t .  By comparing t h e  
i n s t a l l a t i o n  c o s t  of t h e  ASCE des ign  w i t h  t h o s e  f o r  Models A o r  B y  i t  i s  
c l e a r  t h a t  t h e  l e a s t - c o s t  de s i gn  models indeed produce improved des igns .  It 
should  b e  no t ed  t h a t  t h e  t o t a l  c o s t s  and r i s k s  (Table  8.17) a r e  a l s o  lower  
f o r  t h e  l e a s t - c o s t  de s igns  than  t h e  ASCE des ign .  A c t u a l l y ,  t h e  s av ings  i n  
i n s t a l l a t i o n  c o s t  from t h e  ASCE des ign  i s  cons ide r ab ly  more because i n  t h e  
l a t te r  de s ign  t h e  30 i n .  and 36 i n .  sewer f.rom INL 4 and 6 ,  r e s p e c t i v e l y ,  
a r e  f lowing  f u l l  (Q /Q = 0.94 and 0.95,  r e s p e c t i v e l y )  and t h e  nex t  l a r g e r  
c P 
s i z e  p i p e s  should  have been used. 
When t h e  a s s o c i a t e d  r i s k s  are cons idered  i n  d e s i g n ,  t h e  improve- 
ment i n  t o t a l  c o s t  and r i s k s  of t h e  de s ign  i s e v e n  more s i g n i f i c a n t  as 
demonstra ted by t h e  r e s u l t s  o f  Models C and D. I n  t h i s  example,  Model D 
produces  a de s ign  w i th  a 24% c o s t  s av ings  over  t h e  conven t i ona l  p rocedure  
p r e sen t ed  i n  ASCE Manual 37 ,  and t h e  corresponding improvement i n  t h e  
p r o b a b i l i t y  of f a i l u r e  from 32% f o r  t h e  l a t te r  t o  3.25% f o r  t h e  former.  
164 

TABLE 8.18. Cost Comparison f o r  Example I1 Designs 
The e f f e c t  of t he  r i s k  component i n  design is  a l s o  seen by t h e  
s i g n i f i c a n t  reduct ion  i n  damage cos t s .  It should be emphasized t h a t  t he  
Model 
A 






$10,000 assigned damage va lue  used is  a r b i t r a r y  and t h a t  t h e  e f f e c t  of the  
r i s k  component depends on t h i s  va lue  a s  w e l l  a s  on the  s e r v i c e  l i f e  of 
Execution 
Time 









t he  sewers. Never the less ,  t he  importance of inc luding  t h e  r i s k  concept i n  
the  design process is i l l u s t r a t e d .  























2 ,452  
3,580 
34,700 
cos t  design models a r e  very similar. This i s  a l s o  the  case  f o r  Example 11. 
Actual ly t h e  diameters  of t h e  sewers a r e  i d e n t i c a l  f o r  designs us ing  
Models B-1,  B-2, and the  ASCE r a t i o n a l  method. However, because t h e  cor- 
responding sewers have d i f f e r e n t  s lopes  f o r  d i f f e r e n t  des igns ,  t he  i n s t a l l a -  
t i o n  cos t s  and a s soc ia t ed  r i s k s  a r e  d i f f e r e n t .  Model B-3 produces a design 
which d i f f e r s  from Models B - 1  and B-2 i n  sewer s i z e s  by only one sewer: a 
15-in. p ipe  i n s t e a d  of a 18-in. p ipe  from INL 3 ,  r e s u l t i n g  i n  a lower 
i n s t a l l a t i o n  cos t  but  h igher  r i s k .  The Model A des ign  a l s o  d i f f e r s  from 
Model B-1  design by only one sewer s i z e :  a 36-in. p ipe  i n s t e a d  of a 30-in. 
from IM, 4, r e s u l t i n g  i n  a h ighe r  i n s t a l l a t i o n  c o s t .  
I n  t h i s  example t h e  hydrograph t ime  l a g  r o u t i n g  method used i n  
Model B-1 r e s u l t e d  i n  t h e  lowes t  t o t a l  c o s t  d e s i g n  as w e l l  a s  t h e  lowes t  
average  r i s k  and s h o r t e s t  computer e x e c u t i o n  t i m e  among t h e  t h r e e  r o u t i n g  
models. However, t h i s  r e s u l t  i s  f o r  a s m a l l ,  r e l a t i v e l y  s i m p l e  sys tem and i t  is 
m i s l e a d i n g  t o  draw g e n e r a l  c o n c l u s i o n s  from i t .  An o p ~ o s i t e  t r c n d  h a s  been 
observed i n  F i g .  8.5 f o r  t h e  more complicated Example I sewer system. For  
t h e  Example I1 system a d i f f e r e n c e  i n  t h e  s i z e  of one sewer o r  ti s i g n i f i c a n t  
change of one s l o p e  would b e  enough t o  change t h e  r e l - a t i v e  c o s t .  N e v e r t h e l e s s ,  
t h e  r e s u l t s  f u r t h e r  d e n o n s t r a t e  t h a t  f o r  l e a s t - c o s t  d e s i g n s  u s i n g  r o u t i n g  
and under  normal c i r c u m s t a n c e s ,  t h e  hydrograph t ime  l a g  t e c h n i q u e  i.s p r e f e r e d  
because  o f  i t s  relatively s h o r t  computer e x e c u t i o n  t i m e .  
Chapter  9 .  CONCLUSIONS AND RECOMMENDATIONS 
S e v e r a l  concep t s  and t e c h n i q u e s  have been i n v e s t i g a t e d  and 
i n c o r p o r a t e d  i n t o  a s e t  of l e a s t - c o s t  d e s i g n  models f o r  d e t e r m i n i n g  t h e  
s i z e s  and s l o p e s  of t h e  sewers  i n  a network.  The major  c o n c e p t s  are: 
(a )  The a p p l i c a t i o n  of d i s c r e t e  d i f f e r e n t i a l  dynamic program- 
ming (DDDP) as t h e  b a s i s  f o r  f l e x i b l e  l e a s t - c o s t  d e s i g n  
models.  . 
(b) The i n c l u s i o n  of r i s k  a n a l y s i s  i n  t h e  d e s i g n  p rocedure .  
(c)  The i n c l u s i o n  of expec ted  f l o o d  damage c o s t s  as p a r t  
of t h e  t o t a l  p r o j e c t  c o s t .  
(d) The u s e  of f l o o d  r o u t i n g  p rocedures  t o  account  f o r  a t t e n u a -  
t i o n  and l a g  o f  in-system hydrographs .  
9.1. Conclusions  
With r e c e n t  advancement i n  computer c a p a b i l i t i e s ,  numer ica l  
a n a l y s i s ,  and o p t i m i z a t i o n  t e c h n i q u e s ,  improved methods f a r  s u p e r i o r  t o  
t h e  t r a d i t i o n a l  methods f o r  d e s i g n  of sewer  sys tems  can b e  developed. 
The f i v e  l e a s t - c o s t  d e s i g n  models developed i n  t h i s  s t u d y  a r e  examples of 
such  improved new models. These f i v e  models a l l  are based  on t h e  DDDP 
approach f o r  o p t i m i z a t i o n  b u t  t h e y  i n c o r p o r a t e  d i f f e r e n t  f a c t o r s  i n  
d e c i s i o n  making, i. e. , r o u t i n g  a n d / o r  d e s i g n  r i s k s ,  a s  l i s t e d  i n  Tab le  7 .1 .  
I n  a p p l i c a t i o n  t h e  u s e r  may s e l e c t  a model t h a t  is  most s u i t a b l e  f o r  a 
p a r t i c u l a r  s i t u a t i o n .  
The f o l l o w i n g  g e n e r a l  c o n c l u s i o n s  can b e  made based  on t h e  ex- 
p e r i e n c e  g a i n e d  i n  t h i s  s t u d y .  
(a)  The u s e  of DDDP t o g e t h e r  w i t h  t h e  s e r i a l  approach d e s c r i b e d  
i n  Chapter  4 p r o v i d e s  an  e f f i c i e n t  b a s i c  t o o l  f o r  a l e a s t -  
c o s t  d e s i g n  model f o r  d e s i g n  of sewsr  sys tems .  The d e s i g n  
r e s u l t s  i n c l u d e  t h e  crown e l e v a t i o n s  and s l o p e  i n  a d d i t i o n  
t o  t h e  d iamete r  o f  t h e  sewers .  
(b) It i s  p o s s i b l e  t o  ana lyze  t h e  u n c e r t a i n t i e s  invo lved  i n  
t h e  d e s i g n  p r o c e s s  and t o  summarize t h e i r  e f f e c t  i n  terms 
of t h e  r i s k  o r  p r o b a b i l i t y  of exceeding t h e  c a p a c i t y  of a  
sewer.  Subsequen t ly ,  t h e  r i s k  can b e  i n c o r p o r a t e d  i n  t h e  
des ign  of t h e  sewers .  T h i s  is  accomplisiled through t h e  
e s t a b l i s l ~ m e n t  of t h e  r i s k - s a f  e t y  f a c t o r  r e l a t i o n s h i p  f o r  
t h e  d r a i n a g e  a r e a  cons idered  a s  d e s c r i b e d  i n  Chapter  5 .  
( c )  By i n c o r p o r a t i n g  t h e  r i s k s  i n  t h e  d e s i g n ,  t h e  e n g i n e e r  no 
l o n g e r  needs  t o  a r b i t r a r i l y  choose t h e  d e s i g n  r e t u r n  p e r i o d .  
I n s t e a d ,  t h e  expected s e r v i c e  l i f e  of t h e  p r o j e c t  i s  f i r s t  
determined.  The models w i l l  t h e n  proceed a c c o r d i n g l y  t o  pro- 
duce a  d e s i g n  t h a t  g i v e s  t h e  lowest  t o t a l  c o s t ,  and t h e  
r e s u l t  w i l l  a l s o  s p e c i f y  t h e  r i s k s  of t h e  sewers  f o r  t h i s  
l e a s t - c o s t  des ign .  The models can  a l s o  b e  modi f i ed  t o  
d e s i g n  w i t h  s p e c i f i e d  expec ted  s e r v i c e  l i f e  t o g e t h e r  w i t h  
maximum a c c e p t a b l e  r i s k  of f a i l u r e  dur ing  t h i s  p e r i o d .  
(d) PJith t h e  r i s k s  of f a i l u r e  e v a l u a t e d ,  i t  i s  p o s s i h l e  t o  
i n c l u d e  expected f l o o d  damages a s  p a r t  of t h e  t o t a l  system 
c o s t .  The d e s i g n  models t h e n  produce a  d e s i g n  which g i v e s  
t h e  b e s t  t r a d e - o f f  between t h e  i n s t a l l a t i o n  c o s t  and 
expec ted  damage c o s t .  The u s e  of such  d e s i g n  models r e q u i r e s  
a s  an i n i t i a l  s t e p  t h e  r e c o g n i t i o n  t h a t  f l o o d  damage c o s t s  a r e  
an  impor tan t  cons idera t io r i  and t h e r e f  o r e  must b e  inc luded  a s  
p a r t  o f  t h e  t o t a l  system c o s t .  
( e )  I nco rpo ra t i on  of f l ood  r o u t i n g  i n t o  t h e  de s ign  models 
r e s u l t s  i n  a lowering of t h e  c o s t  of t h e  sewer system. 
This  is  mainly due t o  t h e  l a g  e f f e c t  I n  which t h e  peaks 
of t h e  i n l e t  and in-system hydrographs are o u t  of phase.  
For l a r g e  systems t h e  a t t e n u a t i o n  of t h e  peaks may a l s o  
become impor tan t .  The of ten-used method of  s imply adding 
runof f  peaks is n o t  n e c e s s a r i l y  conse rva t i ve  y e t  r e s u l t s  
i n  expensive des igns  w i t h o u t  reduc ing  t h e  o v e r a l l  r i s k  as 
i l l u s  t r a t ' ed  i n  Table  8.17.  Normally, f o r  de s ign  purposes ,  
t h e  hydrograph t i m e  l a g  procedure  de sc r i bed  i n  Sec t i on  
6 . 3 . 2  and i n c o r p o r a t e d  i n t o  Models B-1 and D i s  adequate  
and is recommended because  i t  r e q u i r e s  very  l i t t l e  computa- 
t i o n  t i m e  and prov ides  reasonable  r e s u l t s .  However, i n  
sewer systems where hydrograph a t t e n u a t i o n  i n  t h e  sewers i s  
of g r e a t e r  concern and t h e  sewer system i s  r e l a t i v e l y  l a r g e ,  
e i t h e r  t h e  n o n l i n e a r  k inema t i c  wave o r  Muskingum-Cunge 
procedures  may b e  used,  w i t h  t h e  la t ter  p r e f e r r e d .  More 
s o p h i s t i c a t e d  r o u t i n g  techn iques  such as s o l v i n g  t h e  
S t .  Venant equa t i ons  do n o t  appear  p r a c t i c a l  f o r  u se  i n  
l e a s  t-cos t des ign  a o d e l s  because  of t h e i r  e x t e n s i v e  com- 
p u t e r  requirements  . 
( f )  S ince  DDDP does n o t  gua ran t ee  a g l o b a l  optimum, t o  a 
c e r t a i n  degree ,  t he  des igns  of t h e  sewer systems depend on t h e  
o p t i m i z a t i o n  parameters  used i n  t h e  DDDP procedure  ; namely, 
t h e  l o c a t i o n  o f  t h e  i n i t i a l  t r f a l  t r a j e c t o r y ,  t h e  wid th  of 
t h e  i n i t i a l  c o r r i d o r  enc lo s ing  t h e  t r i a l  t r a j e c t o r y ,  t h e  
number o f  l a t t i c e  p o i n t s  w i t h i n  t h e  c o r r i d o r  ( o r  t h e  i n i t i a l  
s ta te  increment  w i t h i n  t h e  c o r r i d o r ) ,  and t h e  r educ t i on  rate 
of t h e  s t a t e  increment du r ing  i t e r a t i o n s .  '3ased on t h e  
expe r i ence  ob ta ined  i n  t h i s  r e s e a r c h  p r o j e c z - ,  i t  has  been found 
t h a t  t h e  c l o s e r  t h e  presupposed i n i t i a l  t r i a l  t r a j e c t o r y  i s  
t o  t h e  t r u e  op t imal  t r a j e c t o r y ,  the? b e t t e r  t h e  r e s u l t e d  des ign .  
::ince t h e  downstream sewers  a r e  u s u a l l y  more expensive 
because t hey  a r e  l a r g e r  and b u r i e d  deeper  t han  t h e  upstream 
ones ,  consequent ly  o f t e n  i t  i s  advantageous f o r  t h e  down- 
s t r e am sewers  t o  u s e  an i n i t i a l  t r i a l  t r a j e c t o r y  w i t h  
s t e e p e r  s l o p e s  t han  ground s l o p e s .  The p r e f e r r e d  i n i t i a l  
c o r r i d o r  wid th  i s  two t o  f i v e  t imes t h e  ave age  e l e v a t i o n  
drop of t h e  sewers .  I n  a d d i t i o n  t h e  u s e  of 5 o r  7 l a t t i c e  
p o i n t s  t o g e t h e r  w i t h  a  r educ t i on  r a t e  of t h e  s t a t e  i n c r e -  
ment e q u a l  t o  112 i s  recommended. 
3.2.  gcommenda-s f o r  Fu tu r e  S t u d i e s  
The sewer system des ign  models p r e sen t ed  i n  t h i ~  r e p o r t  a r e  only 
a f i r s t  s t e p  towards t h e  g o a l  of op t imal  des ign  f o r  e n t i r e  u rban  d r a inage  
systems.  Consequently modif icat  i o n ,  ref inement  , and r a m i f i c a t i o n  of t h e s e  
models on t h e  b a s i s  of exper ience  ga ined  through ex t ens ive  f i e !  d  app l i c a -  
t i o n s  a r e  most d e s i r a b l e .  The proposed des ign  models a r e  c l e a r l y  more 
r a t i o n a l  t han  t h e  t r a d i t i o n a l l y  used sewer des ign  methods. However, t h e i r  
u s e  r e q u i r e s  a  r e c o g n i t i o n  of t h e  s e v e r a l  concepts  involved i n  sewer 
s j rs ten Ccsign i n  a d d i t i o n  t o  t h e  convent iona l  ones s o  t ha :  f u l l  advantage 
can be t aken  of t h e  c a p a b i l i t i e s  of t h e  des ign  models. Conversely ,  i n  view 
of t h e  l i m i t e d  manpower i n  government de s ign  o f f  i c e s  and eng inee r i ng  f i r m s ,  
i t  is f i i l l y  r e a l i z e d  t h a t  t h e r e  i s  an u rgen t  need f o r  t h e  development of 
a :1ser1s manual f o r  :he des ign  model s o  t h a t  t h e  maximum L e of t h e  re -  
s u l t s  of t h i s  s t udy  \:an b e  achieved.  Th i s  manual should  1 rov ide  a c l e a r  
1 7 1  
g u i d e  t o  t h e  u s e  of t h e  v a r i o u s  models s o  a s  t o  make i t  a s  easy a s  p o s s i b l e  
f o r  t h e  d e s i g n  e n g i n e e r s  t o  o b t a i n  r e s u l t s  w i t h  a  minimum amount of e f f o r t  
and i n v e s  tmen t of t ime  . 
Among t h e  numerous p o s s i b l e  f u t u r e  s t u d i e s  a s  a  r e s u l t  of t h i s  
i n v e s t i g a t i o n ,  t h e  f o l l o w i n g  dese rve  immediate a t t e n t i o n .  
( a )  S i n c e  t h e  c o s t  of a  sewer sys tem depends on t h e  l a y o u t  of 
t h e  sewers ,  and e n g i n e e r s  o f t e n  do have a  l i m i t e d  degree  of 
freedom i n  s e l e c t i n g  t h e  l a y o u t ,  i t  i s  d e s i r a b l e  t o  i n c l u d e  
t h e  l a y o u t  s e l e c t i o n  i n  t h e  o p t i m i z a t i o n  p rocedure .  Such 
a  d e s i g n  model w i t h o u t  c o n s i d e r i n g  t h e  r i s k s  and r o u t i n g  
has  been developed under  t h e  p a r t i a l  s u p p o r t  of t h i s  
r e s e a r c h  p r o j  e c t  (Mays, 1976) . Extens ion  of Mays ' model 
t o  , include r o u t i n g  and r i s k  c a n s i d e r a t i o n  is  b e i n g  i n v e s t i -  
g a t e d .  
(b)  For t h e  d e s i g n  models p r e s e n t e d  i n  t h i s  r e p o r t  i n l e t  hydro- 
g raphs  must h e  independen t ly  developed. It is  d e s i r a b l e  t o  
have an o p t i o n a l  p rocedure  f o r  g e n e r a t i n g  them; i . e . ,  a  
s u r f a c e  hydro logy  model i s  needed. The u s e r  shou ld  have 
t h e  o p t i o n  of p r o v i d i n g  h i s  own hydrographs  o r  u t i l i z i n g  
t h e  h y d r o l o g i c  model. 
( c )  I n  this s t u d y  t h e  e f f e c t s  of t h e  h y d r a u l i c s  and c o s t s  of 
a l l  appur tenances  and s p e c i a l  s t r u c t u r e s  i n  a  sewer sys tem 
e x c e p t  manholes have been excluded from c o n s i d e r a t i o n .  For  
example, i n - l i n e  d e t e n t i o n  r e s e r v o i r s  a r e  r e c e i v i n g  i n c r e a s e d  
a t t e n t i o n  and t h e r e  i s  a need t o  c o n s i d e r  t h e i r  e f f e c t i v e n e s s  
and u s e  i n  d e s i g n .  
(d)  The e f f e c t i v e n e s s  of t h e  l e a s t - c o s t  des ign  bv ious ly  depends 
on t h e  reliability of t h e  c o s t  f u n c t i o n s  of t h e  sewer system 
components. Publis!led in format ion  on such  c o s t  Functi.ons 
a r e  meager and inadequa te .  Ga ther ing  and s y s t e m a t i c  
a n a l y s i s  of t h e  s c a t t e r e d  d a t a  appeared i n  t h e  l i t e r a t u r e  
such  as  Engineer ing News-Records and in format ion  f r o o  con- 
t r a c t o r s  should  be  c a r r i e d  ou t  t o  p rov ide  such f u n c t i o n s .  
(e) The example r e s u l t s  of Yodels C and D c l e a r l y  demonstra te  
t h a t  t h e  a s s e s sed  damage v a l u e s  due t o  i n s u f f i c i e n t  sewer 
c a p a c i t y  i s  an important  f a c t o r  i n  determining t h e  l e a s t -  
c o s t  des ign .  The damage v a l u e  obvious ly  v a r i e s  w i th  t h e  
amount of wa t e r  dur ing  t h e  peak flow pe r iod  t h a t  t h e  sewer 
cannot  c a r r y .  A t  p r e s e n t  cons ide r ab l e  j u d g e m e ~ t  i s  
r equ i r ed  i-n e s t a b l i s h i n g  t h e  a s se s sed  *damage v& Lue. A 
procedure  i s  needed t o  e s t i m a t e  damage c o s t s  i n  a more 
w e l l  de f i ned  manner. Th is  t a s k  is  be ing  under taken under 
OWRT p r o j e c t  B-098-ILL which is t h e  contin11,ld phase  of t h i s  
r e s ea r ch  p r o j e c t  . 
( f )  I n  t h i s  s t udy  t h e  r i s k  component ha s  been i nco rpo ra t ed  i n  t h e  
l e a s  t-cos t des ign  models which have no r o u t i n g  o r  w i th  hydro- 
graph t ime l ag .  Fu r the r  r e s ea r ch  i s  needed t o  i n c o r p o r a t e  
t h e  r i s k  component i n  t h e  des ign  models u s ing  o t h e r  h y d r a u l i c  
r o u t i n g  techn iques .  
(g) Although under normal cond i t i ons  t h e  c o s t s  of o p e r a t i o n  and 
maintenance c o n t r i b u t e  l i t t l e  t o  t h e  l e a s  t-cos t desf gn of t h e  
sewer s y s  tem, under c e r t a i n  c i rcumstances  t h e s e  c o s t s  may 
Decome an i n f l u e n t i a l  f a c t o r .  There fore ,  i n c l u s i o n  of t h e s e  
c o s t s  i n  t h e  des ign  models shou ld  b e  cons idered .  
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APPENDIX A 
VALUES OF CUMULATlVE N O W  DISTRIBUTION FUNCTION 
APPENDIX B 
MODEL ERROR FOR THE RATIONAL FORMULA 
A  comparat ive  s t u d y  on s to rm sewer runof f  s i m u l a t i o n  models (Chow 
and Yen, 1975) gave t h e  peak d i s c h a r g e s  i n  c f s  from t h e  Chicago Oakdale 
Avenue d r a i n a g e  b a s i n  f o r  f o u r  independen t  r a i n s t o r m s  as f o l l o w s :  
Rainstorm May 1 9 ,  1959 J u l y  2 ,  1960 A p r i l  29,  1963 J u l y  7 ,  1964 
(1) Recorded 7.2 
(2)  ISS 7.4 
(3)  R a t i o n a l  9 . 1  
Accordingly ,  comparing t h e  r a t i o n a l  formula  t o  t h e  r e c o r d e d  d a t a ,  t h e  mean 
v a l u e  of A i s  C(Co1.4)/4 = 1.05.  Var = ~ ( ~ 0 1 . 4 - 1 . 0 5 ) ~ / ( ~ - 1 )  = 0.0459 and 
t h e  cor responding  c o e f f i c i e n t  of v a r i a t i o n  = & / ~ e a n  = 0.205. Likewise ,  
comparing w i t h  t h e  ISS model, mean A = C(Co1.5)/4 = 1.02,  
2  V a r  = C(Co1.5-1.02) /(N-1) = 0.0243 and c o e f f i c i e n t  of v a r i a t i o n  = 6 1 ~ e a n  = 
0.153. Assuming t h e  average  of thes'e two g i v e s  a n  i n d i c a t i o n  of t h e  re- 
l i a b i l i t y  o f  t h e  r a t i o n a l  method, i t  f o l l o w s  t h a t  f o r  t h e  r a t i o n a l  method 
- 
AL = 1 .03  and c o e f f i c i e n t  of v a r i a t i o n  = (0.205+0.153)/2 = 0.176. However, 
n e i t h e r  t h e  recorded  d a t a  n o r  t h e  ISS model i s  a b s o l u t e l y  a c c u r a t e .  More- 
o v e r ,  t h e  computed c o e f f i c i e n t  of v a r i a t i o n  a c t u a l l y  accounts  f o r  more t h a n  
t h e  modeling e r r o r  because  o t h e r  u n c e r t a i n t i e s  such  as t h o s e  due t o  C and A, 
and t o  c e r t a i n  e x t e n t  i, are a l s o  i n c l u d e d .  I n  view of t h e  u n c e r t a i n t i e s  
e v a l u a t e d  i n  S e c t i o n  5 .4 .2 ,  i t  i s  reasonab ly  t o  adopt  Q = 0.15 w i t h  AL 
APPENDIX C 
STATISTICS OF FIVE SIMPLE DISTRIBUTIONS 
C o e f f i c i e n t  of v a r i a t i o n  
b-a 6 = 0 . 5 7 8  b+a 
b-a 6 = '0 .408  -- b+a 
Ax - x = 0 . 3 3 3  (a+2b) b-a 6 = 0 .707   b  2b+a a  
b-a 6 = 0 . 7 0 7 f -  b+2a 
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o f  DDDP 
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